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The Palaeo hydro bgy o f Jersey, Abstract
A bstr a c t
This thesis investigates the misfit valleys of Jersey, Channel Islands. Data on the 
geology, topography and Quaternary history of the Island provides the 
geomorphological context to the study. The valleys are suggested to be misfits as they 
either lack any evidence of recent fluvial activity, or the streams that flow though them 
are so small that they could not logically be expected to have eroded the valleys.
The discharge record of the one gauging station in Jersey is analysed in order to 
determine whether supporting evidence of stream underfitness can be drawn from these 
data. This record is too short (only 7 years) to allow meaningful conclusions. Therefore 
the Jersey precipitation record is used as a proxy for discharge. Examination of the 
precipitation record shows that trends of increasing winter precipitation and decreasing 
summer precipitation are apparent. These changes are related to those of the 
surrounding region and possible causes are suggested. To determine i f the valleys were 
the product of processes operating during the 130 year period of the precipitation 
record, the Soil Conservation Service (1973) ‘curve numbers’ approach is used to 
estimate catchment discharge from the precipitation record. A runoff-erosion model is 
used to estimate the possible amount of erosion produced by these estimated 
discharges. From this it is suggested that valley formation could not be reasonably 
expected to have occurred over this time period. Extrapolation of this record to cover a 
longer period suggests that valley formation was unlikely to have occurred during 
either the past 1000 years, or over the duration of the Holocene.
Given that valley formation is unlikely to have occurred under contemporary climates, 
it is necessary to consider how formation might be possible. This involves an extensive 
review of existing theories of misfit valley formation. By a process of elimination it is 
concluded that valley formation was most likely to have occurred during the cold 
periods of the Quaternary. The current form of the valleys is most probably a result o f 
processes operating during the most recent, Devensian, cold period. It is suggested that 
valley formation was a result of a combination of powerful spring snow melt floods 
and the presence of permafrost that would reduce the amount of infiltration of 
snowmelt. A review of geomorphological processes in analogous catchments suggests 
this mechanism is feasible. -
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In order to gain as much support as is possible for this theory, an extensive investigation
of the morphometry o f the valleys is performed. This aims to demonstrate that the
morphometry of the Jersey catchments is dissimilar from other temperate valleys but
comparable to peri glacial permafrost catchments. Before this is possible, a historical
review of morphometry and fluvial geomorphology is conducted to provide an
academic context to this research. This traces the origins, development and application
of morphometric methodology to fluvial geomorphology, the concept o f drainage
density, and the impacts of fractals on fluvial morphometry. A range o f models of
drainage network structure is discussed, including so called ‘Hortonian analysis’, the
infinite topologically random networks model, and the optimal channel network
model. The morphometry of the valley networks is examined, together with the
methodology used to collect these data. This analysis investigates the structure of the
drainage networks, stream orientations, basin areas, gradients, length and width. The
variation of these with geology is examined, and it is concluded that there are no
statistically significant variations. The possible variation of drainage density with a
range of morphometric parameters is investigated. Again, no statistically significant
variations are found within and between catchments, between differing geologies, or
with drainage basin area. Possible explanations for this are suggested: that the presence
of permafrost during valley formation reduced the impact of geological differences;
that the extremely high discharges during valley formation rendered such differences
irreleva.nt; or that the close proximity of the catchments means that great variations in
other environmental factors d id  not occur. The use of the Jarvis E-index is discussed
and applied to the Jersey catchments, suggesting that whilst this is a useful measure of
network compactness , it is of limited value. The theoretical issues involved with use
of drainage density-discharge relationships are discussed together with the validity of
this methodology. This concludes that whilst this approach does have problems, it is of
value and may be applied to the Jersey catchments.
The topological structure o f the valley networks is investigated, specifically whether 
valley lines and networks are fractal features. This is determined by calculating the 
fractal dimension of the valleys. If a non-integer value is produced then the valleys may 
be suggested to be fractal, claimed to be the most energetically efficient form. 
Estimation of the fractal dimension of the stream lines can be determined using five 
methods. These are, using the exponent in the main stream length-catchment area 
relationship, derivation from the Horton ratios , the Richardson or divider method, a
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modification of this, and functional box counting. This investigation shows disagree­
ment between the various methods when applied to any given valley. This is interpreted 
to mean that the various methods can not be applied globally, and that the Jersey 
valleys are not fractal features. A range of explanations is given to account for this, 
including the periglacial origin of the Jersey valleys in contrast to the temperate origins 
of most other valleys used to estimate the fractal dimension. This origin of the valleys 
is suggested to lead to a network structure that whilst being energetically efficient, is 
not fractal.
Asymmetric valley cross sections are often interpreted as being indicative of valley 
formation under periglacial conditions, as such this would provide important support­
ing evidence for a periglacial origin for the Jersey valleys. An extensive review of 
existing theories on the formation of such asymmetric valleys points to the wide range 
of theories to account for these forms. Research on Jersey suggests that the valley cross 
sections are indeed asymmetric. This utilised two techniques, firstly using 1:10,000 
scale maps, a series of transects were taken across the valleys, and contour heights and 
separations were used to measure slope gradients. Secondly a digital elevation model 
was developed for one catchment (St. Peter’s) and a GIS was used to investigate 
asymmetry within this catchment. This research suggests that there is no single simple 
trend of one slope aspect being consistently steeper across the whole of the Island. 
(Although research in St. Peter’s catchment suggests that north and east facing slopes are 
steeper than any other aspect.) This is taken to be the result of differing radiation 
receipts leading to differing amounts of slope activity and hence gradients during 
periglacial climates. A range of possible mechanisms is proposed for how such 
differing receipts result in differing slope gradients, and various interpretations are 
proposed, including analogues involving chaos theory.
Finally, an attempt is made to estimate the discharge that formed the misfit valleys. 
A variety of existing morphometric methods of discharge estimation is applied, 
producing a range o f discharge estimates. Many of these approaches are not directly 
applicable to the hypothesised periglacial origin of the Jersey valleys. Application of 
these methods is conducted in order to gain the widest possible range of discharge 
estimates. These estimates are compared to data from periglacial catchments in 
Alaska to determine whether these estimates are plausible values for periglacial 
catchments. This allows the immediate rejection of an array of methods, resulting in a
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selection of approaches that produce discharge per unit area values similar to the
Alaskan data. These values suggest that the fluvial discharges that formed the Jersey
valleys were some 4 to 6 times greater than contemporary discharges.
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1. In t r o d u c t io n  a n d  O u il in e
This thesis will investigate the origns and form o f  a series o f  valley systems in 
Jersey, Channel Islands, aiming to determine the mode of formation of these features, 
using a predominantly morphometric approach. The choice of Jersey was partly 
constrained prior to the inception of this project by the original research proposal that 
gained funding for the project, however Jersey has several advantages: firstly the 
palaeohydrology of Jersey has never been investigated in any great detail, this means 
that this research will contribute new knowledge on an under researched area of 
geomorphic theory and on the geomorphology of an under researched location. 
Furthermore current knowledge of Quaternary geomorphic activity on Jersey is 
somewhat lacking in detail, it is hoped that this research will throw further light on this 
subject. Jersey represents a unique opportunity, being between the British Isles and 
continental Europe and may be used to link both regions. As an Island the geographical 
extent of this research is immediately constrained, but despite its relatively small area 
(120 km^), there is sufficient diversity of geology, regional slopes, and Quaternary 
activity to create a diverse landform assemblage. Finally, research into the water 
resources of the Island is being undertaken, and it is hoped that at some point in the 
future it will be possible to relate such research to the palaeohydrology of the Island. 
Collectively these factors meant that research on the palaeohydrology of Jersey would 
be a valid, meaningful and interesting area of research.
The Jersey valleys are termed ‘misfit’ (Dury, 1963), as the valleys either lack 
any evidence of recent fluvial activity (clear channels, gullying, flattened vegetation, or 
other signs of recent water flows). In those valleys that do contain streams, the streams 
are so small it is unreasonable to suggest those streams could have eroded the valleys. 
Such streams are termed underfit, as they flow though misfit valleys. This raises an 
immediate question; i f  the discharge of the streams draining valleys is so small, how 
could these valleys have formed? This question is central to this thesis, namely the origin 
o f the valleys, and it is intended that investigation of their form  can be used to provide 
insights to the origins of the valleys. The choice to use morphometric techniques is 
partly a result of the original research proposal for this project and partly a result of the 
nature of the Jersey valleys. Without any preserved sediments, dateable deposits, palaeo 
channels or palaeo stage indicators other avenues of investigation are rapidly exhausted, 
so to gain any meaningful insights into thé nature of the valleys one must use whatever
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evidence is available, in this case morphometry.
Before the question of the origin of the valleys may be addressed, it is first 
necessary to provide a context for this study. A geographical context is provided in the 
next chapter (chapter 2) which discusses the morphology o f the Island as a whole. This 
chapter also discusses the history of climatic changes in the region over a range of time 
scales. Firstly, long term climatic changes are discussed (10,000 to two million years) 
including the impact o f glacial-interglacial cycles on Jersey. Much shorter term 
climatic changes (over the period of instrumental records) are also discussed, in order 
to determine whether valley formation could have taken place during the period of 
historical records. I f  this proves not to be the case, then attempts to examine valley 
formation will be extended to the period prior to the establishment of continuous 
hydrologie records. Such a study falls within the bounds of palaeohydrology, the 
discipline that examines (among other themes) hydrology prior to the establishment of 
continuous records. Chapter 3 discusses the themes and development of the discipline 
of palaeohydrology.
I f  it can be shown that these features are not a product of contemporary 
processes, how d id  they form? This issue, the orign o f  the Jersey misfit valleys, is the 
underlying theme of this thesis, and is discussed in chapter 4, which sets out possible 
modes of formation for the valleys. Having suggested these, it is necessary to test such 
hypotheses to determine whether these are feasible. Morphometric techniques will be 
employed in chapter 5. These are virtually the only methods available to investigate 
such landforms, given the absence of any other evidence. Morphometric research on the 
nature of the valleys is also a valuable avenue of research in its own right. For this 
investigation it is hoped that this research will examine the extent to which the 
morphometry of the Jersey valleys is similar to or dissimilar from active valleys in the 
temperate zone, and that this may be used to support alternative origins, for example as 
periglacial valleys. Chapter 6 continues the morphometric investigation, considering 
whether the Jersey valley networks are fractal features. Such research has value as the 
fractal dimension of valley networks can be regarded as being similar to drainage 
density, in that both index the degree to which the valley network fills space. Further­
more it has been suggested (Rigon et al, 1992) that a fractal network is the most 
energetically efficient configuration. I f  the Jersey networks are demonstrated to be 
fractal features this might throw valuable light on the nature of valley formation, in 
addition to providing new data on the fractal dimension of some unusual networks.
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Chapter 7 examines the cross-sectional form of the valleys, again with a view to
determining additional supporting evidence for a periglacial origin for the valleys.
This is set within the wider context of research on asymmetric valley cross-sections and
provides a new framework for this subject. Having found some support for the
hypothesised mode of valley formation, chapter 8 sets out to examine some of the
processes of valley erosion, and to calculate possible stream discharges that formed the
valleys, fundamental to the origin of the valleys. Lastly, chapter 9 reviews the study,
draws conclusions and sets out possible future research directions.
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2. G eo lo o t , T o po g r a ph y , a n d  C lim ate  of Jersey
2.1 Introduction
Jersey is a small (120 km )^ island in the western English Channel, some 150 km 
south of the English coast, with France some 20 km to the east, and 50 km to the south 
(Figure 2.2.1-A). As noted in chapter 1, the choice of Jersey was partly decided before 
the start o f this research, however the lack of previous detailed palaeohydrological 
research on Jersey means that this research will provide a valuable new source of 
knowledge on the geomorphology of Jersey as well as advancing the field of palaeohy­
drology. Additionally, the diverse nature of Jersey, given its relatively small size.
BRITAIN
Alderney ^ 
Guernsey
Jersey t o
FRA NCE
100 km
Figure 2.2.1-A: Locational Map of Jersey and Surrounding Region. (After Keen, 1993, pp 5.) 
suggests that a wide range of valley forms might be present here, in close proximity to
one another, increasing the value of this research. This chapter will provide details on
the solid geology of the island. Quaternary environments, a brief indication o f the
formation of the major landforms of the Island, together with a review of climate
changes over a variety of time scales.
2.2 Solid Geology
2.2.1 Introduction
This section aims to provide a brief introduction to the complex geological
history of Jersey. Readers requiring more detail are directed first to the British
Geological Survey map, the associated notes by Bishop and Keen (1982), the accompa-
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nying memoir (Bishop and Bisson, 1989) and Renouf (1977 and 1993). An overview of
the geology of Jersey and in particular, the underlying lithology and structure provides
some essential foundations for the understanding the landscape of Jersey.
The Channel Islands, and the adjacent French mainland, form the Armorican 
massif. This, in geological terms, gives the Islands a closer resemblance to France than 
to the British Isles. The solid geology of Jersey dates from the late Pre-Cambrian (the 
Brioverian turbidites) to the Cambrian-Ordovician boundary (the Rozel conglom­
erate). I t is likely that Jersey was exposed to subaerial erosion on several occasions, 
separated by phases of submergence beneath higher sea levels. The geology of Jersey
0  1 2  3 4
km
Where; P is St. Peter, T  is Trinity, L is St. Lawrence, G is Grouville, Q  is Les Quennevais, V  is La Vallée 
des Vaux, Vm is La Val de la Mare, J is St. John, Le is Le Vaux des Lécq, R is Rozel, N  is St. N icholas, Gc 
is La Grande C ueillette, O is St. Ouen, Rv is La Vaux de Rozel, S is St. Saviour, Fo is La Fosse, Bo is 
Boulay, Pp is Le Petit Port, M is La Vallée des Mouriers, C is Le Coupés, Rb is La Bas R ozel, Co is La 
Cocagne, B is St. Brelade, Bn is Bonne Nuit, F is Faldouet, and Ro La Rochque Onvoy__________________
Figure 2.2.1-B: The Jersey Catchments 
may be classified into four groups (see Figure 2.2.3-A). These are the Brioverian 
Turbidites, the Jersey Volcanics, Granite and Diorite Intrusions, and the Rozel 
Conglomerate.
2.2.2 The Brioverian Turbidites
The oldest deposits in Jersey are the Brioverian Turbidites, locally known as 
the Jersey Shale, dated at between 900 and 700 Ma BP (Millions of years Before 
Present) (Bishop and Keen, 1982). These metasedimentary rocks are found across the
Armorican massif, and have a similar age to the Upper Brioverian of Normandy and
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the L’Erée adamellite (a Calcium rich granite) in Guernsey. These basinal Turbidites
are a collection of mudstones, siltstones, greywackes and sandstones with minor grits
and conglomerates (Bishop and Keen, 1982). The Turbidites are found in the western
part of the island and underlie the major catchments of St. Nicolas, St. Peter’s, St.
Lawrence, and St. John’s.
2.2.3 The Jersey Volcanics
Succeeding the Turbidites are the Jersey Volcanics, located in the eastern part 
of the island including the Trinity, St. Saviour, and Grouville catchments. Bishop and 
Bisson (1989) suggest that these andésites and rhyolites formed during the 
Pre-Cambrian, this contrasts with the Cambrian age of 522 ±16  Ma BP suggested by
Where 1 = The Brioverian Turbidites, 
3 = St. Saviour’s Andésite,
2 = Granites,
4 = St. John’s Rhyolite,
5 = Bouley Rhyolite, 6 = Rozel Conglomerate.
Figure 2.2.3-A: The Solid Geology of Jersey. (After Bishop and Bisson, 1989, pp
end piece.)
Duff (1979). The volcanics include lava flows and pyroclasts, similar to deposits 
formed on the flanks of volcanoes. The vents are thought to have been located to the 
Northeast and South of the outcrops (Bishop and Bisson, 1989).
2.2.4 The Granites and Diorites
Three granitic or dioritic plutons are present in the Northwest, Southwest and 
Southeast regions of the island. The Southwest granite dates to 565 ± 15 Ma BP 
(Bishop and Keen, 1982), whilst Bishop and Bisson (1989, pp 52) date the Northwest 
granite (the youngest of the three groups) at 490 Ma BP. The Northwest and Southeast 
plutons include more basic rocks than the Southwest pluton which is almost completely 
granite. This Southeast granite gives a date of 520 ± 4 Ma BP. These intrusions
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occurred after the Cadomian orogeny, late in the Precambrian.
2.2.5 The Rozel Conglomerate
The Rozel Conglomerate is present in the Northeast ‘corner’ of Jersey. I t rests 
unconformably on the underlying rhyolite, and has a minimum age of 435 ±13  Ma BP 
(Upper Ordovician or Lower Silurian). The conglomerate commonly includes pebbles 
derived from both the Brioverian Turbidites and volcanic material. Although this 
material cannot be correlated with any of the local plutons with certainty. Pebbles of 
the conglomerate also occur, suggesting that the deposit was reworked. Bishop and 
Bisson (1989) suggest depositional environments for the Conglomerate that include 
braided streams, inter-tidal sands, mud flats, and shallow lakes on flood plains. The 
conglomerate is believed to be broadly contemporary with the Alderney Sandstone 
Formation (Bishop and Bisson, 1989, Pudsey, 1989), and the oldest Palaeozoic rocks 
of the Cap de la Hague area of France.
2.2.6 Minor Intrusions and Metamorphism
Jersey was subject to a series of Pre-Cambrian orographic events (Helm, 1984), 
with metamorphism of existing rocks and intrusion of new material. Several phases of 
dyke intrusion have occurred, covering most of the Island in localised ‘swarms’. These 
date to the Cadomian orogeny during the late Pre-Cambrian and early Palaeozoic 
(circa 675-480 Ma BP). Both the Turbidites and Volcanics were subject to folding 
during the Cadomian, giving east-west trending folds in the Turbidites. This is held to 
have occurred before the injection of the granites in Southwest Jersey, and was accompa­
nied by metamorphism of the Turbidities. The folding gives three main structures:
• A broad syncline that trends Northeast-Southwest in the Northeast Volcanics 
(called the Trinity Syncline).
• The St. Helier anticline that plunges to the south-southwest near St. Helier.
• The roughly East-West trending St. Saviour Anticline between the Trinity Syncline 
and the St. Helier anticline (See Bishop and Bisson, 1989, figure 18, pp 75).
Finally Jersey and most of the Armorican massif were virtually unaffected by 
the later Caledonian and Hercynian metamorphism, unlike most of the British Isles. 
This preserved the record of Pre-Cambrian and lower Palaeozoic activity.
2.3 Topography
Jersey is characterised by three south-easterly dipping plateau surfaces at
approximately 120 m, 60 m, and near sea level (see Figure 2.2.6-A). Previous research
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held that marine planation during higher Tertiary sea levels (Mourant, 1933; Renouf,
1977; Bishop and Bisson, 1989) formed the three surfaces. The three surfaces were used
by Clark (1966) as examples of erosion surfaces in a hypsometric study. Lautridou et at
(1986) suggested that the three surfaces were formed during the uplift o f Jersey, when
periods of still-stand resulted the uplifted block being at or near to sea-level for a
prolonged period. This allowed marine erosion to erode the uplifted block down to a
relatively flat surface. This uplift was during the Mesozoic and early Tertiary,
although Lautridou et give no definite dates for this. Presumably there were at least
three periods o f such still-stands. However more recent research (Renouf, 1993) casts
doubt on an origin as marine planation surfaces. Renouf (pp 10) suggests that subaerial
k m
U r b a n
Figure 2.2.6-A: The Three Plateau Surfaces. (After Bishop and Bisson, 1989, frontispiece.)
activity “associated with post-orogenic environments o f  the Permo-Triassic type, "formed 
the three plateau surfaces.
If this is accepted, then dating of the surfaces at 280 Ma raises problems when 
attempting consideration of the Jersey valley systems. It is possible that valley 
formation could have begun after this date. This would effectively render any attempt 
at palaeohydraulic discharge reconstruction impossible: This date exceeds Schumm’s 
(1968) suggestion that the Cretaceous is the earliest possible date for viable palaeohy­
draulic reconstruction from modern analogues. While valley formation may have begun 
following the formation of the three platforms, the present form of the valleys is likely 
to be the product o f more recent processes. I f  the valleys date to the Permo-Triassic
boundary it is very difficult to envisage how they could have remained unaltered for
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over 250 million years. Because of this it is suggested that the three surfaces are not so
ancient, and indeed are likely to be Tertiary features. Clearly, valley formation must
have occurred after the surfaces were formed, this in turn would suggest that the
maximum age of the valleys is the Tertiary, assuming this to be the correct age of the
plateau surfaces.
2.4 The Quaternary: Deposits and Environments
2.4.1 Introduction
The Quaternary history of Jersey is quite complex. This is further confused by 
die majority of research on Jersey being by British academics who have tended to
Loess
Blown Sand
Head
Figure 2 .4 .1-A: The Quaternary Deposits o f Jersey. (After Jones et aL 1990, pp 5).
related the Jersey Quaternary to Britain, as opposed to the relatively nearby France. 
This can result in the use of British chronologies, stage names, dating estimates and 
assumptions used to relate evidence to palaeo-conditions. This problem was particu­
larly noticeable with research on sea levels (Keen, 1978, 1986a) however, more recent 
research (see section 2.4.2 below) has noted the problems involved in such comparisons. 
Furthermore, an absence of many dateable deposits has hampered research. Research has 
focused on two areas, the various raised marine deposits of the coast and other 
sediments as opposed to the possible origins of the landforms of Jersey.
2.4.2 Raised Beaches
The raised beaches in the Channel Islands have a long history of research. The
beaches were accepted locally as evidence of a period of higher sea-level as early as
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1913 (Dunlop, 1913). This early research was limited in extent (Lawson, 1914) but
marks the beginning of a long history of research on the beaches; see also Mourant
(1933, 1935); Duty (1953); Girard (1960); Keen (1975, 1978, 1986a and b); Keen, et al
(1986). Current knowledge on the beaches may be summarised as follows: Three groups
of raised beaches are present, those above 20 m (the ‘28 m beach’), the 18 m complex
and the 8 m complex (Keen, 1993). The chronology of these deposits is complex.
Evidence of neo-tectonic activity (Lautridou et al, 1986) and eustatic sea level change
has forced the abandonment of attempts to link these beaches to similar deposits at
comparable heights on the British mainland (Keen, 1978, 1986a). Neo-tectonic activity
occurred near to Jersey as recently as 1990, with an event that reached 3.5 ± 0.3 on the
Richter magnitude (Walker, 1991).
Keen (1993) does suggest a chronology for the three beaches, although caution is 
necessary when considering this. The complex above 20 m has an early Middle 
Pleistocene age. The 18 m beach appears to pre-date 238 ka suggesting a minimum age 
in Oxygen Isotope Stage 9. Finally, uncertainly about how many sea levels the 8 m 
beaches represent makes dating more difficult. Keen (1993) suggests two phases of 
temperate climates separated by a “considerable periglacial episode” (pp 15). A Uranium 
series date from the Belle Hougue beach has given a date of 121 +14/-12 ka (Keen et al, 
1981). These beaches most likely date to the Last Interglacial (the European Eemian, 
or British Ipswichian), and cover oxygen stages 5 to 7. Whether this date is applicable 
to other deposits at the same height is open to debate. Balescu et al (1991) produce a 
thermoluminescence date for sand in the 8 m beach at Belcroute Bay of 60 ± 9 ka 
(isotope sub stage 5e). Material overlaying the 8 m beach at Portelet Bay dates to 64 ± 
7 ka (isotope sub stage 5d). This demonstrates the complexity of sea level change on 
Jersey. It is quite possible that any single ‘beach’ represents several periods with sea 
levels at or near that altitude.
2.4.3 Other Quaternary Sediments
In addition to the sediments discussed above, there are a variety o f other 
sediments present on the Island. The St. Peter’s Sand, found in St. Peter’s parish, 
(‘blown sand’ on Figure 2.4.1-A) is thought to be an aeolian deposit with a minimum 
age within the Last Interglacial (Keen, 1993). Additionally there are large amounts of 
head at the foot of coastal cliffs (up to 15 m deep) and within the valleys intermixed 
with loess. The loess covers most of the island, however there is some confusion o f the 
exact date of deposition. It seems that deposition occurred in several phases, during the
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M iddle and Late Devensian, depending upon locality. The presence of this, together
with the head, implies that considerable slope activity occurred during the Devensian.
Such slope activity would tend to lead to infilling of the valley (Richards and
Anderson, 1978), suggesting that the streams must have been sufficiently active to
counter this infilling, and maintain valley form during the Devensian (Gregory, 1971,
pp 50). This suggestion is supported by the lack of any noticeable Devensian valley
floor deposits and the steep valley side slopes.
In addition to the Quaternary sediments, Holocene peat and alluvium are
present in many of the valley floors and in substantial amounts in the valley mouths,
such as the St. Helier basin and Grouville Marsh, with depths up to 8.5 m (Bishop and
Bisson, 1989). The oldest date given for the peat is a radiocarbon date of 9670 ± 70
years BP at the base of 2.65 m of organic mud containing a boreal forest pollen
assemblage at Quetivel Mill, St. Peters valley (Bishop and Bisson, 1989, pp 92). The
presence of such a peat deposit would suggest that the present form of St. Peter’s valley
dates to at least 9600 years BP, and that no substantial modification has taken place
since that date.
2.4.4 Palaeo-Flora and Fauna
Comparisons with other nearby regions are frequently necessary in order to 
produce supporting evidence of Jersey palaeoclimates. Keen (1982) studies the late 
Quaternary mollusca preserved in loess or loess rich head in Guernsey and Jersey. Some 
of these indicate a range of cold continental conditions, including very cold (stadial 
conditions) or cool (rather than cold) conditions. Keen does not attempt to date the 
molluscs other than noting that they are found in loess and head that overlies the ‘8 m ’ 
beach and therefore are probably Weichselian (~ British Devensian) in age. This would 
imply a cold, continental climate for this period.
Rousseau and Keen (1989) advance this research, using mollusc remains in 
Weichselian / Devensian loess at Portelet. Similar molluscs are also found on Guernsey 
and are tolerant of “low temperatures and extreme conditions o f  humidity” (pp 61). The 
mollusc horizon at Portelet is above the 8 m raised beach, and below a gelifluction 
deposit. This implies that the molluscs are likely to be younger than the circa 121 ka 
BP age of the beach, and so probably date to the Middle Weichselian / Devensian. 
Other occurrences of similar molluscs occur across Europe, these all reflect cold steppe 
or tundra conditions. Such a marginal zone is suggested “to represent the so-called 'damp 
loess landscape’” {pp 65). This however does not mean that during loess deposition
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Jersey climate was damp. Keen (1986b and c) clarifies this issue; these mollusca were
present in damp regions. However, these were locally damp areas, within “an otherwise
dry periglacial desert” {pp 270). This seems to suggest that Devensian climate of Jersey
was a cold, dry, continental one.
Chaline and Brochet (1986) study rodent remains at La Cotte de St. Brelade. 
These date to the Saalian (~ Wolstonian) glacial. By relating the rodents species to 
their present-day geographical location, some tentative climatic inferences about the 
Saalian can be made. Chaline and Brochet quote January temperatures between -30 and - 
45°C, July temperatures between 0 and +15°C. There were suggested to be 100 days 
with temperatures above +5°C and 75 days above +10°C. Mean monthly rainfall from 
November to June varies between 15 and 35 mm, whilst July to October rainfall is 
between 25 and 50 mm. The same species was found at La Cotte with a Devensian age, 
suggesting similar comparisons can be made. However evidence from this period is 
sparse.
Coope et ^/(1985) study peat below the contemporary beach in St Aubin’s Bay. 
This gives pollen and plant macro-remains and also insect fiuna which indicate tundra 
conditions. Stratigraphie and geomorphic evidence suggests formation in a period of 
climatic deterioration following an interglacial or interstadial. Coope et al give an 
Early Devensian age, however it is not possible to give a definite date to this deposit. 
It appears that this deposit was covered by head, probably during the later Devensian. 
Prior to the removal of this head, it provided protection for the peat. Coope et al 
conclude that “there can be no question on floral or faunal grounds, that the deposits were 
laid down under periglacial (or possibly interstadial) rather than interglacial conditions” 
(Coope et al, 1985, pp 320). The presence of this peat below the M iddle to Late 
Devensian head indicates periglacial conditions existed on Jersey from the Early 
Devensian.
Keen et /z/ (1986) discuss the “arctic mud” at Fliquet. Again, this was probably 
covered by head, which was later removed during the Flandrian, thus the mud pre-dates 
at least one phase of head activity and therefore is probably of a Devensian age. The 
mud contains pollen and insect remains indicating “tundra conditions where tree cover 
was sparse and the landscape was dominated by grasses and sedges together with shallow 
pools.” {pp 153). The deposit contains remains of insect species only currently found 
above the tree line in a region from Siberia to Arctic Canada. This suggests average 
July temperatures at or below 10°C during deposition, which agrees with Chaline and
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Brochet (1986).
Callow (1986a) briefly discusses the Quaternary landscapes of Jersey, suggest­
ing that during the last interglacial, deciduous woodland covered the present-day 
coastal region, whilst the vegetation of the plateau areas was a marine heathland with 
large amounts of blown sand. He also suggests a series of sea level values, and proposes 
that even during the last interglacial mean sea level was some 20 m below that of 
present. A t the interglacial-glacial transition, this had dropped to some 30 m below 
present, and at this point the horizontal tidal range was some 10 km. Callow notes that 
the Ay and Sienne valleys that border Jersey to the north and south could have been 
underfit during interstadials and would have probably formed braided channels within 
their valleys. This would imply that these major drainage systems formed by a similar 
mechanism to the Jersey valleys.
Patton (1993) discusses the Mesolithic (9 ka to 8 ka BP) of Jersey in what is 
basically an archaeological study. Patton suggests that vegetation around 11,000-10,000 
BP would have been open birch woodland, with patches o f open water and fen  present in 
the valley floors. This indicates that, despite the lower base level, the streams were 
incapable of erosion and were probably underfit. This dates the end of valley formation 
as the early Holocene, at around 11,000-10,000 BP. Patton suggests that Jersey became 
an island at around 7,500 BP, and includes a series of maps showing the post-glacial 
sea-level change. Patton also includes an indication of the drainage network around the 
Island around circa 10,000 to 9,000 BP. This depiction of the palaeo-drainage network 
owns a great deal to a similar map produced by Sinel (1916). Both of these confirm 
that during periods of lower sea levels, the Jersey drainage network was integrated with 
that of the surrounding region.
2.4.5 Quaternary Climatic Evidence From Surrounding Regions
George (1972) discusses the Quaternary features of Guernsey. George notes the 
presence of grezes litees (a nivation sediment) in Saints Bay (Guernsey) and also on 
Alderney, whilst ice wedge casts and convolutions are found at Mont Cuet. Maarleveld 
(1976) attempts to find the mean annual temperature during the last (Wiirm) glacial in 
the Netherlands. This uses a comparison of fossil periglacial features with the 
temperature regime of contemporary features. This points to the presence of continuous 
permafrost during two periods during the Wiirm, and discontinuous permafrost at other 
times. Maarleveld suggests that continuous permafrost is typical of regions with low 
snow falls, where the little snow that falls during winter is removed to give a bare
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surface. Such contemporary climates are termed “Polar”. However certain continuous
permafrost features in the Netherlands suggest that there was more snow than in such
contemporary climates during the coldest part of the Wiirm. It can be implied from
this that if  there was considerable snowfall in the Netherlands during the Wiirm, then
Jersey, being closer to the Atlantic, would have probably received as much i f  not more
snow. Maarleveld includes a suggested map of permafrost distribution, which includes
Jersey. This map also includes mean annual temperature, for Jersey this appears to be
above 10°C during the Wiirm.
Vandenberghe (1993) discusses climatic change in relation to changing river 
erosion in the Netherlands. Although this is distant from Jersey, it does provide a 
general background chronology which is of value. This suggests that Oxygen isotope 
stage 4 (circa 61-72 ka BP) was very cold, with ice wedges indicating continuous 
permafrost. Later large cryoturbations suggest a disappearance of permafrost and a 
change to a drier, warmer climate, with minimum temperature around -7°C. River 
deposits at this point suggest a low-energy meandering, aggrading regime. There is a 
sharp erosive boundary before stage 4, with a change to increased incision indicating 
high energy fluvial activity, probably braided rivers. Stage 3 was relatively mild, with 
mean annual temperatures Between -4.5°C and -1.5°C. River deposits were fine grained 
laminated organics suggesting a meandering or anastomosing river pattern. The 
transition to stage 2 again showed erosion, and a return to colder climates. Stage 2 
(circa 26 to 13 ka BP) was cold, with continuous permafrost, ice-wedges, and closed 
system pingos. Mean annual temperature was below -8°C at the coldest. A t the end of 
this period, permafrost disappeared, but river activity declined and aeolian processes 
increased, indicating drier conditions (pp 20). From this the last glacial seems to have 
two very cold periods, around 72-61 ka BP, and 13 to 26 ka BP, with a comparatively 
mild period between. Evidence from Keen (1986c) that the climate of Jersey during the 
glacial maximum (c 26 to 13 ka BP) resembled that of a dry polar desert seems to 
support this. Hence if  the valleys were formed during the Devensian, it seems likely 
that formation occurred during the period between 61 and 26 ka BP.
A t the end of the late glacial (circa 13 ka BP) mean annual temperatures rose 
from between -8°C to -5°C to circa -1.5°C and summer temperatures from circa +8°C 
to circa +15°C, precipitation also increased. Rivers were deeply incised and pattern 
changed from braided to meandering. This incision is said to be widespread across 
Europe. Rivers later aggraded, infilling these major valleys. Whilst this chronology is
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extremely valuable, its origin as an explanation for valleys in the Netherlands should
be noted. Hence some caution is necessary in applying this to Jersey. However, it is
suggested that this provides a possible chronology, the details may not be exact, but the
general theory may be assumed to be valid for Jersey.
Guiot and Couteaux (1992) focus on climatic change since 15,000 years BP in 
Luxembourg using pollen. This suggests a cold, dry continental climate in this region 
during the late glacial. This appears to contradict the suggestion of Rousseau et al
(1990) that the glacial climate of western Europe was broadly oceanic.
2.4.6 Quaternary Evidence From Climatic Models
Kutzbach and Wright (1985) use the 1981 CLIMAP Global Circulation Model 
(GCM) to gain insights into climate during the Last Glacial Maximum (LGM), 
including suggestions on temperature and wind patterns. These indicate a mean January 
temperature of around 30°C below present for Jersey, however Kutzbach and Wright 
note this might be a little too large. The model suggests that the ice covered North 
Atlantic and intensified westerly winds drove “frigid dry air deep into the continent. ” 
(pp 154). This paper appears to suggest that Jersey would have been drier than at 
present. For July, temperature immediately south of the ice sheet appears to be around 
15°C (circa 10°C lower than at present). Precipitation in Europe is also lower than at 
present. Geological evidence implies permafrost tundra southward to the Alps and 
precipitation over Europe was decreased, but evaporation was also lower, so maybe 
effective precipitation was higher.
This would contradict the evidence presented by Vandenberghe (1993), 
particularly the incision of rivers during wet climates. Because of the potential 
problems involved in climatic modelling, the physical evidence of Vandenberghe will 
be used. This implies that Jersey experienced phases of cold, wet climates, albeit not 
during the glacial maximum. Such climatic regimes would be favourable to the 
formation of the valley systems.
2.5 Contemporary Climate
2.5.1 Introduction
This section will discuss contemporary precipitation and stream discharge in 
Jersey, using data provided by the Jersey New Waterworks Company Ltd. The 
primary focus will be the recent precipitation and discharge records of the gauging 
station above La Grande Vaux reservoir, in the Trinity catchment, drainage area 6.83
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km
Note; The location of the gauging station is indicated by ‘G ’
Figure 2.5.1-A: The Trinity Catchment and La Grande Vaux Gauging Station 
km^, this is shown in Figure 2.5.1-A.
This analysis will attempt to determine whether the contemporary stream 
discharges are capable of forming the Trinity valley. These discharge and precipitation 
records cover slightly more than six years, from January 1989 until March 1996. These 
give a useful ‘snap shot’ of contemporary processes, but little more. Whilst it may be 
possible to determine whether the contemporary discharge regime is capable of 
modifying valley morphology, it seems likely that the form of the valley almost 
certainly is the product of longer term development. Unfortunately, there are insuffi­
cient discharge data to demonstrate this. However, precipitation data covering 130 
years exists, and i f  a function relating discharge to precipitation and hence to erosion 
amounts can be developed, it might be possible to determine whether discharges over 
the past 100 years were sufficient to continue forming the valley. This is achievable 
though a variety of methods, including using existing relationships from the literature, 
developing a mathematical model from first principles, or collecting field measure­
ments on discharge and sediment load and modelling from these. Furthermore, i f  the 
assumption of reasonably constant climates over the past 1000 years is made, and 
assuming a constant, linear relationship between climate and erosion, it may be possible 
to extrapolate the amount of erosion that has taken place over 100 years to cover 1000 
years. If this is not the case, then alternate explanations will have to be found.
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This section will therefore examine the most recent discharge and precipitation
data from La Grande Vaux, then consider the past century’s variations in precipitation 
in the Channel Islands, and surrounding region. Next a function between precipitation 
and discharge, based on curve numbers will be developed. Finally whether the Jersey 
valleys are the product of contemporary processes or are relic features will be dis­
cussed.
2.5.2 La Grande Vaux Discharge Record (1989-1996)
The data supplied by the Jersey New Waterworks Company consists of total 
daily precipitation data, together with mean daily stream discharge values. Both data 
sets are for the La Grande Vaux reservoir gauging station. The analysis of these data has 
two purposes. The first is to determine whether any short to medium term changes in 
precipitation and discharge amounts over the period 1/1/1989 to 25/3/1996 exists, for 
example an increase in precipitation amounts. Secondly, these data can be used to 
investigate whether the stream in Trinity is capable of eroding the valley it currently 
flows though.
As it would be impractical to reproduce all the precipitation and discharge 
data here, so summary statistics are presented in Table 2.5.2-A. The highest discharge 
was 0.635 m^ s'^  (or 0.093 m^ s'^  km'^), on 7 December 1992. This followed the second 
wettest day on the Grande Vaux record, 6 December 1992, with 36.6 mm received. 
The wettest day on record (20 August 1992, with 46 mm) had very little impact on 
stream discharge, mostly due to the extremely dry antecedent conditions over the 
previous month which was interrupted by a few comparatively minor storms.
The rainfall record and hydrograph are shown in Figure 2.5.2-A and Figure 
2.5.2-B respectively. Note that in order to ‘clean’ this data, and allow any trends to 
become apparent, both plots show a 15 day moving average of precipitation or
Precipitation /  mm Mean Daily Discharge /  nJs'^
Mean 2.303 0.071
SD 4.589 0.087
Variance 21.048 0.008
M in 0.000 0.000
Max 46.000 0.635
Range 46.000 0.635
Skew 3.173 2.499
Kurt 15.090 7.353
Mode 0.000 0.020
Median 0.100 0.037
25th Percentile 0.000 0.019
75th Percentile 2.300 0.083
Table 2.5.2-A: Summary statistics on La Grande Vaux precipitation and
discharge records
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Smoothed La Grande Vaux Precipitation Record
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Figure 2.5.2-A: Smoothed version of La Grande Vaux precipitation record, 1/1/89- 31/3/96  
discharge, not the actual data. Ideally, daily values should be shown here, however such 
plots would be extremely ‘noisy and rather difficult to interpret. The use of the 15 
day average ‘smoothes out’ the data, unfortunately removing extreme storm events 
but allowing longer term variations to become apparent. The 15 day average was 
chosen through a process of trial and error, 15 days being an appropriate compro­
mise between over generalisation of the data and showing too much detail. Note 
that the gauging station was inoperative for the period 2/7/93 to 10/10/93. For 
both plots, the annual pattern of wet winters and dry summers is clearly visible. 
What is also apparent is that the period summer 1990 to summer 1992 was rather dry.
Smoothed La Grande Vaux Discharge Record
0.5
y = 3E -54x"” ' 
R" = 0.0782
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Figure 2.5.2-B A Smoothed version of La Grande Vaux discharge record, 1/1/89 to 31/3/96
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The following three winters (1991/2, 1992/3, and 1994/5) were much wetter than the 
winters earlier in the record. Summer 1994 to the end of the record, March 1996, was a 
dry period.
These time series show weak but statistically significant (at a significance level 
of p < 0.05, p is < 0.0001) trends of increasing precipitation and discharge with time. 
These indicate that over this period Jersey is becoming wetter with time. Certainly the 
winters of 1992 to 1994 appear much wetter than other years, albeit in the context of a 
short record. Alternatively it is possible that this trend is a product of the drier than 
average winters of 1991 and 1992, with 1992 to 1994 representing more ‘normal’ 
conditions. This does seem unlikely, as summer 1995 to spring 1996 appears to mark a 
return to drier conditions. Therefore it would seem that the winters of 1992 to 1994 
were unusually wet compared to the other years on the record. However, drawing more 
detailed conclusions from such a short record is unwise. This analysis will be taken 
further in section 2.5.3, when longer term (>100 years) variations in precipitation are 
examined.
2.5.3 The Medium Term Precipitation Record (1865 to 1995)
This section focuses on the medium term monthly precipitation record for
Jersey covering the period 1865 to 1995, again using data supplied by the Jersey New 
Waterworks Company Ltd. This section will attempt to fit Jersey into regional trends 
and detect trends over the time series. The aim of this section will be to determine 
how representative the more detailed daily precipitation and stream discharge record 
is of the period as a whole. So, i f  this section determines that there is no change in the 
precipitation regime on Jersey over the 130 year span of the record then it maybe 
suggested that the short term record is representative of the longer term climatic 
conditions of Jersey.
Clearly, it is not practical to reproduce the whole of the 130 year monthly 
precipitation record for Jersey here. Hence, monthly summary statistics are given in 
Table 2.5.3-A. From these data it would appear that November is the wettest month 
whilst June is the driest. This is fairly typical of western Europe. The wettest month on 
this record was November 1910, with 274.6 mm received, and a return period of 131 
years, whilst the driest month was June 1925, when no rainfall was received. Predicta­
bly the distribution of data is positively skewed (0.971), with a great many dry 
months.
Looking at the data as a time series (Figure 2.5.3-A) are any trends apparent
over the 130 years of the record? To determine whether there are any long term changes
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Jan Feb. M ar Apr. M ar Jun. JuL Aug. Sept. Oct. Nov. Dec.
Mean 88.6 66.8 62.6 51.9 48.8 45.7 49.1 59.1 71.1 95.5 106.1 101.8
SD 41.0 39.1 34.3 24.9 28.3 27.6 29.5 38.9 40.5 52.1 49.6 45.7
Var. 1683.9 1529.6 1176.5 618.6 799.3 762.2 868.2 1509.7 1643.8 2713.7 2459.2 2091.5
M in 10.7 1.8 1.3 1.8 3.4 0.0 2.5 0.5 10.7 4.1 23.9 19.8
Max 178.1 176.8 164.8 120.1 129.0 138.4 168.7 200.4 200.2 264.6 274.6 227.1
Range 167.4 175.0 163.5 118.3 125.6 138.4 166.2 199.9 189.5 260.5 250.7 207.3
Skew 0.2 0.5 0.5 0.2 0.8 0.6 1.1 1.3 1.0 0.6 0.7 0.4
Kurt -0.8 -0.2 -0.2 -0.4 0.3 -0.1 1.9 2.6 1.2 -0.1 0.4 -0.2
Mode 116.3 56.1 67.8 50.8 30.5 47.0 10.7 68.8 54.6 20.8 63.2 89.2
Median 86.5 61.2 59.7 50.8 44.2 43.2 46.0 52.8 67.1 89.4 99.3 100.6
25th %iie 54.4 38.1 40.1 33.3 29.4 21.8 26.8 32.9 40.0 54.0 69.8 68.6
75th %ile 120.7 97.2 84.6 70.3 62.2 62.4 64.5 74.7 90.7 127.2 135.5 125.8
Table 2.5.3-A: Summary statistics for the 130 year Jersey precipitation record / mm 
in precipitation receipts, a simple linear regression was conducted, showing a slight 
trend of decreasing precipitation, over the 130 years. This trend was not statistically 
significant (at a significance level of p > 0.05), ^  is 0.0001.
Hence it would seen that there is no long term change in mean annual precipita­
tion receipts over this period. Studying the record, there appears to be cycles of 
relatively wet years followed by periods of dry years. This cycle appears to have a 
periodicity of between 5 and 15 years. Similarly, Dury (1948) reports a cycle in the 
precipitation record of Guernsey, but with a longer wavelength of 51 years. However, 
Dury (1979), following a re-analysis of the Guernsey data, suggests that this cycle is the 
product of chance, that if a sufficiently long series of random numbers are generated a 
cycle of some kind will be apparent. This is unfortunate, but does not negate the 
possibility that the Jersey data does contain a cyclical element.
Jersey Mean Monthly Precipitation Record
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Figure 2.5.3-A: Jersey mean annual precipitation record 1865-1995
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Extensive work by Burroughs (1992) suggests that most ‘weather cycles’ are
statistical constructs, arising from a long data series, and having little real significance.
Hence it does not seem that examination of the Jersey data for such cycles is a
particularly meaningful exercise, so this will not be taken any further.
Generally Figure 2.5.3-A suggests a pattern of ‘no change’ with the mean annual
Jersey precipitation record remaining fairly constant over the period in question. To
study the record in some more detail it was decided to focus on the winter and
summer half years, where winter is defined as being from October to March inclusive
and summer is April to September. This is the ‘standard’ definition using in the
meteorological literature, by Manley (1974), Marsh and Monkhouse (1991), Hulme
(1994), and Mayes (1996) among others. N ote that these studies (and this one) later
examine seasonal treads in precipitation, classifying winter as December to February,
Spring as March to May and so on (Marsh and Monkhouse, 1991, pp 367 and 368).
This means that under this established system, differences in winter and summer half
years can not be immediately compared to differences in the four seasons. It was
decided to comply with the established system, but to note this apparent inconsistency.
Graphically, the mean summer and winter half years are shown in Figure 2.5.3-B and
Figure 2.5.3-C.
Winter Half Year Precipitation . y = 0.0283X + 85.046 
R" = 0.0035
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Figure 2.5.3-B: Mean winter half year precipitation record, 1865-1995
Both of these records show weak, statistically not significant (at a significance
level of p < 0.05), trends over the 130 year period. Whilst the winter half year appears
to be getting wetter, the summer half year is becoming drier. Qualitatively it would
appear that these two trends act to oppose each other so that the annual record appears to
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Summer Half Year Precipltaton . y = -0.0352X + 56.594 
FF = 0.0098
9Ü T
80
70 -
E
E 60 - I
c
o 50 -[
<0
■q- 40 -•
Ü
E 3 0 -
CL
20 -
10 "
0 -
1 i 1 1 1-------
1 i l/I Â 1 i l l  Hi .1.i 1 /1Î i
i if \ 1 iII I 1V 1
1 1 ! ! 1 1 1
1 I 1 1
m - i — N.  C 0 O 5 U 5 T - r s . C 0  Oî I O t-  h > C O  O J I O t- N C O O I O ' » -
( D M M 0 0 C 0 0 ) O O i - i - C \ j C 0 C 0 T j - T f l f ) ( 0 ( 0 M N 0 0 0 )  
00 00 00 00 00 CO O) O) O) 0 ) 0 ) 0 )  0 ) 0 )  0 ) 0 ) 0 0 ) 0 ) 0 ) 0 ) 0 )
Year
Figure 2.5.3-C: Mean summer half year precipitation record 1865-1995 
remain constant. This would appear to be in general agreement with England and Wales 
(Hulme 1994). Mayes (1996) notes work by Marsh and Monkhouse (1991) who develop 
a ratio of mean winter precipitation to mean summer precipitation, and discuss how 
this varied with time. When this approach was applied to the Jersey data, the change in 
the ratio over time was extremely ‘noisy’, such that the regression relationship of the 
ratio through time was so poor as to be meaningless. Hence it is not possible to 
quantify satisfactorily how this ratio varies with time. Qualitatively, it may be noted 
that the difference between mean summer and mean winter precipitation is slight 
during the last decades of the nineteenth century, but increases during the latter decades 
of the twentieth century.
Given this apparent half-yearly divergence, it was decided to determine 
whether the definitions of winter and summer half years would affect the nature or 
strength of any regression relationships. As noted above, the more ‘traditional’ 
definition of winter being from October to March inclusive used in the meteorological 
literature, does not allow for immediate comparison with the four seasons. Hence it 
was decided to reanalyse the Jersey data defining winter as being from September to 
February inclusive, essentially a super set of the Autumn and Winter seasons, to 
determine whether a substantially different relationship occurred. This does not appear 
to be the case. The differing definitions and relationships are shown in Table 2.5.3-B.
As can be seen from these relationships, the differing definitions do not produce
particularly large differences in the relationships. The largest differences appear to be
with the gradients, effectively showing different rates of change of mean precipitation
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System Season Definition Relationship value
‘T  rad ition al’ Winter Oct. to March y = 0.0283X + 85.046 0.0035
Summer April to Sept. y = -0.0352X + 56.594 0.0098
Revised Model Winter Sept. to Feb. y = 0.0182x + 87.134 0.0015
Summer March to Aug. y = -0.025x + 54.506 0.0045
Table 2.5.3-B: Differing definitions of half years and resultant relationships 
with time. However, it is necessary to note, that none of these relationships are 
statistically significant (at a significance level of p < 0.05), so detailed discussion of 
any differences is not a particularly meaningful exercise as the relationships have no 
more meaning that a line drawn at random though these data. However, this kind of 
analysis, of drawing lines of best fit and commenting regardless of statistical 
significance is sufficiently common within the meteorological literature to allow 
general trends to be suggested and discussed despite the lack of significance (Marsh 
and Monkhouse, 1991; Hulme, 1994; Mayes, 1996). What can be suggested from these 
relationships is that winter precipitation is generally increasing with time, whilst 
summer is decreasing. But given that none of these relationships are significant it would 
not be particularly meaningful to extend this analysis of how definition affects the 
change of precipitation with time beyond this point.
Given this apparent difference between winter and summer half years, it was 
decided to extend this analysis and to examine differences between the four seasons. 
This showed that the winter (December to February) and spring periods both show an 
increase in mean monthly precipitation figures, whilst summer and autumn both show a 
decline. Graphically these trends can be seen in Figure 2.5.3-D. The trend lines in
Mean Monthly Precipitation By Season
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Figure 2.5.3-D: Jersey Seasonal Precipitation Trends
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Regression Equation Pearsons 7  value Probability p
Winter: y = 0.122% -149.75 0.0343 0.0341
Spring: y = 0.0405%-23.827 0.0081 0.3048
Summer: y = -0.0906%+ 226.11 0.0266 0.0631
Autumn: y =-0.0856%+ 256.14 0.0137 0.1826
Table 2.5.3-C: Jersey seasonal precipitation regression relationship.
Figure 2.5.3-D produce the equations and Pearson’s values shown in Table 2.5.3-C.
A t a significance level of p < 0.05, only the ‘winter season’ regression is 
statistically significant. Qualitatively, the year can be divided into two halves: 
Summer and autumn months show a decline in precipitation, and the nature of this 
decline is almost identical, as shown by the virtually parallel lines in Figure 2.5.3-D. 
However, the winter and spring months appear to show a general increase in precipita­
tion, and the winter months are becoming wetter at a more rapid rate than the spring 
months. This would tend to suggest that the Jersey precipitation record displays a 
small amount of change in precipitation amounts. This could be interpreted to mean 
that seven years of the stream gauging record are not representative of the past 100 
years. However, it is necessary to repeat that (with the exception of the winter season) 
none of these relationships are statistically significant (at a probability of p < 0.05). 
This would suggest that this approach is not a particularly valid statistical exercise, 
however it is necessary to repeat that this approach is in agreement with the climate 
literature, where even though relationships are not significant, they are still discussed. 
Before any implications of these changes in precipitation amounts are discussed in 
detail, studies from the region surrounding Jersey will be considered, in order to 
determine whether the observed changes on Jersey are symptomatic o f a wider area. I f  
this is not the case, then the nature of the Jersey record will merit closer consideration 
in order to determine why these changes occur.
2.5.4 Other Studies
2.5.4.1 Alderney
There are a small number of other studies that have investigated the climate of 
the Channel Islands over the past 100 years. These tend not to be particularly rigorous 
in their investigation of any climatic change, preferring to report the history of 
meteorological observation in a particular location. An example o f this is Bonnard
(1991), who focused on the history of meteorological observation on Alderney. There 
have been three periods of instrumentation on Alderney, 1868-1871, 1906-1916, and 
1957-1991 (assumed to be ongoing). Bonnard reports monthly values of precipitation 
and temperature for each of these periods. These data can be used by this study to
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Month 1868-1871 1906-1916 1957-1991 Mean
January 67.73 71.51 79.73 72.99
February 56.22 72.00 59.62 62.61
Mar 44.96 73.08 53.52 57.19
April 39.37 42.19 46.12 42.56
May 50.12 36.28 28.34 38.25
June 27.09 34.82 38.95 33.62
July 29.15 47.22 40.52 38.96
August 52.96 47.41 25.19 41.85
September 70.29 58.90 42.74 57.31
October 95.25 124.18 89.52 102.98
November 49.59 109.98 72.18 77.25
December 115.25 132.26 74.44 107.32
Mean of Mean Monthly Precipitation / mm 
Mean Monthly Precipitation (Winter Half Year) 
Mean Monthly Precipitation (Summer Half Year)
58.17
75.72
40.61
70.82 
94.81
46.83
54.24
69.71
38.77
Table 2.5.4-A: Alderney mean monthly precipitation figures (in mm). After Bonnard (1991). 
determine whether the precipitation variations observed on Jersey also occurred on 
Alderney. The Bonnard data are shown in Table 2.5.4-A.
Firstly, given that the 1868-1871 data only cover four years, it was decided to 
omit this period from any subsequent analysis. This is justified as such a short period is 
likely to reflect extreme events, for example one unusually wet month will bias the 
mean of the four years. Furthermore it was felt that the means for June and July were 
extremely low and may reflect errors, possibly due to poor location or operation of the 
meteorological station.
Studying these data it is apparent that the period 1906-1916 was much wetter 
than the period 1957-1991. The percentage differences between 1906-1916 and 1957- 
1991 are shown in Table 2.5.4-B:
Period Percentage Change
Annual -23
Winter -26
Summer -17
Table 2.5.4-B: Percentage Changes for Alderney Precipitation Data 
I t  would appear that the period 1906-1916 represents a phase o f increased
precipitation, studying Figure 2.5.3-A, it would appear that this agrees with a period
of increased precipitation on Jersey. There was then a considerable decrease in
precipitation, as shown in Table 2.5.4-B. However, when annual precipitation figures
for the two periods are compared, the differences are not statistically significant. A t a
significance level of p < 0.05, an ANOVA between the two periods produces a F-test
value of 3.0 and a probability of 0.0934. However, given the slight, and non-significant
nature of the regression analyses for the Jersey data the similar trends on Alderney are
not surprising. The Alderney data do not reflect the same change as Jersey between
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summer and winter precipitation. For the Alderney data, both winter and summer
appear to be becoming drier, unlike Jersey, where summers are becoming drier, but
winters are becoming wetter.
Why this trend is not apparent on Alderney is uncertain. It is possible that the 
trend is simply not present on Alderney, unlike Jersey (or the other regions discussed 
below). This could be due to local climate, with the smaller Island being much more 
prone to summer precipitation than Jersey. This is rather unlikely, although Alderney is 
further north than Jersey, and more exposed to the English Channel, this is unlikely to be 
responsible for increased summer rainfall. Alternatively, the extremely low values for 
summer precipitation could be due to operational problems, for example evaporation 
from the rain gauge (Mayes, 1996, personal communication). Given the very patchy 
nature of the Alderney data, it is probably unwise to draw any definite conclusions 
from Alderney. Unfortunately this prevents any detailed comparisons with Jersey being 
drawn.
2.5.4.2 Guernsey
Dury (1979) discusses the cyclical pattern of precipitation on Guernsey, as 
mentioned above. As part of this analysis Dury (pp 493) gives a small amount of data 
on precipitation on Guernsey over a range of time periods. These data are shown in 
Table 2.5.4-C.
Year Block Mean Annual Precipitation /  mm
1843-1871 906
1872-1886 1047
1887-1909 874
1910-1942 991
1943-1945 820
Table 2.5.4-C: Guernsey precipitation data (after Dury,
1979, pp 493)
These show a general decline in precipitation over this period. However, given 
that these data use five points to cover 100 years, detailed analysis would not be a 
particularly meaningful exercise. However, the Dury (1979) data are derived from a 
more detailed data set given by Dury (1948). This includes total annual precipitation 
figures, which can be used to determine whether the crude trend outlined above for 
Guernsey is actually correct. Graphically the annual Guernsey precipitation data are 
shown in Figure 2.5.4-A.
This confirms the trend of no change’ in the Guernsey annual precipitation. 
Unlike the data given by Dury (1979) these data suggest a very slight increase in 
precipitation amounts. This increase is so slight as to be of little concern. Hence it
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Figure 2.5.4-A: Guernsey total annual precipitation, 1843-1946 
would appear that the Guernsey data are in broad agreement with Jersey. This casts 
further doubt on the Alderney data, why does Alderney show such distinct local 
differences? The most likely explanation is local climate which results in Alderney 
behaving in a different manner to either Jersey or Guernsey. For Jersey and Guernsey, it 
would appear that there is a general trend of little or no change in annual precipitation. 
For Jersey, this can be further broken down into a decrease in summer precipitation, 
which more than off-sets an increase in winter half-year precipitation.
It is possible to expand the Guernsey analysis by incorporating the monthly 
rainfall data published by La Société Guernesiaise. Looking at the Guernsey record by 
season (i.e. producing the Guernsey equivalent of Figure 2.5.3-D) this is shown in Figure
2.5.4-B. The linear regression used to produce these trend lines give the following 
equations and Pearson’s r^  values (Table 2.5.4-D).
Season Regression Equation Pearsons 7  Value Probability p
Winter: y = O.lx- 84 0.0086 0.3550
Spring: y=-0.042x+ 139 0.0058 0.4502
Summer: y = -O.lx + 218.3 0.021 0.1515
Autumn: y = -O.lx + 360.2 0.021 0.1501
Table 2.5.4-D Guernsey seasonal precipitation regression relationship 
At a significance level of p < 0.05, none of these relationships are statistically 
significant. Unlike Jersey, the year can not be simply divided into two halves. Whilst 
winter does show a general trend of increasing precipitation (like Jersey), this is not 
continued into the spring season. Rather spring, like summer and autumn shows a 
decline in precipitation. The rate of decline in spring precipitation is very slight (with
a gradient o f -0.042), although this relationship is not statistically significant. Given
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Figure 2.5.4-B: Guernsey Seasonal Precipitation Record, 1885-1995. 
that none of the other seasonal relationships are significant either (at a significance level 
of p < 0.05), what does this say about the change in Guernsey precipitation with time? 
Generally these data could be qualitatively described as showing an increase in winter 
precipitation, and a decrease in summer ‘season’ precipitation. This is broadly similar 
to Jersey, although the exact pattern is not the same. This, like Alderney, is most likely 
to be a product of the local climates of the island. So, whilst an ‘overall’ trend would 
be for increasing winter and decreasing summer precipitation each island shows a slight 
variation away from this regional trend. Furthermore for Alderney, the locally distinct 
pattern is possibly due to errors in the operation of the weather station rather than any 
meteorological change. This can be seen as confirming that the Jersey data is represen­
tative of a wider region. However, before this is stated as a definite conclusion, this 
research will be broadened still further, to study the British Isles in the next section.
2.5-43 The British Isles
As noted above, there is increasing evidence that the long term precipitation 
record of the British Isles shows a general trend towards wetter winters and drier 
summers. Studies showing such slight trends include Hulme (1994), Mayes (1996), and 
Jones et al {in press). Looking spatially across the British Isles, Mayes (1996, pp 9) 
suggests that during the winter half year western and northern regions have become 
wetter, whilst the south and east have become drier between 1941-1970 and 1961-1990. 
This contrasts with the summer half year when a decrease in precipitation amounts has
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occurred across the whole region. This would generally agree with the situation in die
Channel Islands. However, before more definite conclusions can be drawn it is necessary
to consider the rest of north-western Europe.
2.5.4.4 France
Precipitation data from the meteorological stations at Caen (70270), Cher­
bourg (70210), Laval (71540), Nantes (72220), and Quimper (72010) (World 
Meteorological Organisation codes shown in parentheses) were taken from the World 
Climates CD-ROM (1992). These stations were chosen as they are the French stations 
closest to Jersey with records over 100 years in length.
Station Annual Winter Summer
Caen + + +
Cherbourg + + +
Laval + - +
Nantes - - -
Quimper + + -
Table 2.5.4-E: Regression trends for selected French stations. equals a negative 
relationship , and ‘+’ a positive relationship.
For these stations regression analyses were conducted for the mean annual series 
and the winter and summer half years. None of these analyses produced statistically 
significant trends. Howevet, the pattern of winters becoming wetter and summers 
becoming drier are reflected across some of these stations. The trends shown in Table
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Figure 2.5.4-C: Map showing the locations of French weather stations
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2.5.4-E are difficult to interpret in a table and are better viewed on a map (Figure
2.5.4-C).
From Figure 2.5.4-C, it can be seen, for the French stations at least, that the 
more northerly stations appear to show consistent increases in precipitation receipts, on 
all time scales. Conversely, the more southerly stations show decreasing precipitation. 
The general trend can be explained qualitatively. There is a south-west to north-east, or 
oceanic to continental trend. The more southerly and oceanic stations show a net 
decrease in annual precipitation receipts and a decrease in summer precipitation. 
However, the more northern and continental (i.e. further away from the Atlantic) show 
an increase in precipitation. Jersey is something of an anomaly, with a more oceanic 
climate resulting from its island location. Building on this, how are these changes in 
precipitation regime across north-western France, the Channel Islands and the British 
Isles be explained?
2.5.5 Causes
It is suggested by Mayes (1996) that this change in annual precipitation regime 
is the product of an enhanced seasonal cycle and vigour in the mid-latitude westerly 
circulation. This in tum is proposed to be a result of increased temperatures, whether 
this is a result of natural changes or human impact is not discussed. These may well be a 
result of increased temperatures leading to wetter winters and drier summers. Mayes 
(1996, pp 10) suggests that this change over the last 100 years is a result o f a change in 
circulation patterns in the North Atlantic region, resulting from an increase in tempera­
ture and leading to an increase in winter precipitation, and a decrease in summer 
precipitation. Further, incidental evidence of this change is given by the recent history 
of summer drought on Jersey (Grundy, 1991). These differences would suggest that on a 
seasonal or half yearly scale, the Jersey precipitation record has not been consistent over 
the past 100 years. However, there does not appear to be any particular change on the 
annual scale, and whilst qualitatively it appears winters are becoming wetter and 
summers drier, none of these variations are statistically significant (at a significance 
level of p < 0.05). This might mean that the stream discharge record would have also 
been subject to some variation, although the magnitude of change is unknown. Whether 
this is the case is investigated in section 2.5.6.
2.5.6 Precipitation as a proxy for stream discharge
It would seem that the Jersey j?recipitation record, on an annual scale, is 
reasonably consistent over the past 130 years. However, when winter and summer half
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years are studied slight changes occur, although these are not statistically significant.
How would this effect any attempt to use the precipitation record as a proxy for a the
discharge record? If a relationship between rainfall and runoff could be developed, then
it might be possible to apply this to the longer precipitation record and gain an
impression of the longer term changes in discharge, and hence whether these discharges
could have eroded the valleys.
This would assume that the relationship between precipitation and stream 
discharge is constant, which need not be the case. Over the 130 years of the precipita­
tion record it is quite possible, and even likely, that the rainfall-runoff relationship will 
have changed. The use of precipitation as a simple proxy for discharge does make 
several assumptions. Firstly, it ignores a great deal of detail in the exact relationship 
between precipitation and discharge, including the effects of geology, soils and 
vegetation, of precipitation amount and type, and antecedent conditions and lag times 
between precipitation events and discharge response. However, given the resolution of 
the available data, on total monthly precipitation amounts, it is felt that this approach 
has some value as a means of providing an insight into whether contemporary conditions 
could lead to valley formation. Therefore, the sole purpose of using the precipitation 
data as a proxy for discharge is to gain an insight at a general level. This justifies the 
use of a comparatively crude approach as a means of gaining a first approximation of 
erosion amounts.
Changes in the relation between precipitation and hydrological process are 
likely to be as a result of changes in land use over the 130 year period. Unfortunately, it 
is quite difficult to determine and quantify these changes. There is very little ‘hard’ 
data on land use in the Channel Islands during the nineteenth century. What little 
documentation does exist tends to be in the form o f ‘travellers tales’. These provide 
very sketchy and generalised accounts of land use across the Island, such as Walmesley’s 
1821 account (published as Renault, 1992). This does include some discussion of the 
vegetation of parts of Jersey. One of the more detailed reviews of historical changes in 
land use is Le Sueur (1976), which discusses changes in vegetation and land use since 
1225 AD. At this point La Sueur (1976) suggests that there were so few mature trees on 
the islands, that it was necessary to import wood for building purposes, and that this 
situation continued until at least 1558. Between 1582 and 1682 the Island is described 
as being ‘almost open’, at the beginning-of this period. However, by 1673, so much
Andrew Wright, PhD Thesis, Roehampton Institute London, June 1997
Page 31
The Palaeohydrology o f Jersey; Chapter 2, Geology, Topograpljy and Climate o f Jersey 
had been enclosed for orchards that regulations were introduced to reduce planting. It
appears that there was more profit to be made out of apples than corn, hence the growth
in orchards. In 1682, it was noted that the whole Island was in danger of becoming one
continuous orchard. This would suggest that the Island became very densely wooded at
this point. La Sueur notes that in 1808 (Lyte) and 1817 (Plees) the Island was a
continuous forest, albeit a pollarded one. Then, during the 19th century, orchards began
to give way to potatoes. Finally, during World War Two, there was extensive felling
for firewood. There was supposed to be re-planting, however this did not happen.
Finally, La Sueur notes that the rest of the Island, which was unsuitable for woodland,
was heathland.
O f the ‘travellers accounts’ Walmesley’s 1821 journal describes several 
locations in some detail, although precise explanations are unsurprisingly lacking. In 
general Walmesley notes that the valleys are richly wooded in several locations, 
orchards are noted, and one must assume that any woodland would be managed, either 
for the production of wood for fuel or construction, or of apple production for the cider 
industry. The plateau of the island appears to be either used for arable cultivation or 
heathland.
Together these accounts show the island to be quite different from today, where 
the plateau is extensively and intensively cultivated. The valleys for the most part 
retain the woodland, although this is no longer managed for production. Hydrolog- 
cally, the most important difference is probably the increase in the amount of water 
intercepted for human uses; either for farm land irrigation, or for drinking water 
supply.
Hence it would seem that the hydrological regime of the island has changed 
quite considerably over the past 130 years. This means it would not be feasible simply 
to develop a relationship between precipitation and stream discharge for the contempo­
rary data and then apply this relationship over the 130 years of the precipitation data. 
Furthermore, when such a relationship was developed, linear regression produced an 
extremely weak relationship. Hence if  this relationship was to be applied to the long 
term precipitation record this would produce an extremely poor estimate of discharge. 
The poor nature of this relationship is due to a variety of factors, including the poor 
temporal resolution of the data sets used, ignoring the lag-time between precipitation 
and stream discharge, antecedent conditions and possible storage and interception of 
precipitation. Therefore it was decided to use a slightly more sophisticated and proven
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approach to the estimation of stream discharge from precipitation, namely the soil
■ conservation service ‘curve numbers’ approach.
2.5.7 Curve Numbers
The Soil Conservation Service (SCS) developed the ‘curve number procedure’ 
to allow quick estimation of runoff from precipitation events (Soil Conservation 
Service, 1973). Approaches more detailed than curve numbers have been developed in 
an attempt to estimate erosion amounts from precipitation (Gregory and Walling, 
1973 and references there in). However, such approaches commonly require detailed 
knowledge of catchment hydrology, such as precise lag times, or detailed information 
on catchment soil cover or land use. Whilst it would be possible to gain such informa­
tion for the Trinity catchment at the present, this would not be possible for the 
catchment 100 years ago, at least not with sufficient detail to be used in such relation­
ships. Furthermore these relationships tend to be very catchment specific, and not 
readily transportable to another catchment. Hence it was decided to use curve numbers, 
despite the problems involved in this approach, as it remains the most applicable to the 
130 year Jersey precipitation record. It is repeated that the purpose of this line of 
investigation is simply to gain an estimate of erosion amounts over the past 130 years. 
I f  this estimate implies that the valleys are contemporary features, then this research 
will be expanded and a more sophisticated model used.
The curve numbers approach is largely empirical, and is centred around a series 
of rainfall-runoff curves. Firstly a range of catchment characteristics are used to select 
the curve best representing the catchment in question. When the curve number is known, 
the amount of storm precipitation for a given time period is checked against the curve, 
and the resultant depth of runoff is determined. This can then be converted into an 
estimate of catchment stream discharge. In order to assess whether this approach is 
applicable to Trinity it was first applied to the recent precipitation data. So, taking 
the example of the modern Trinity catchment;
Firstly the soil type is determined, in the case of Trinity is this type B : Soils 
having moderate infiltration rates i f  thoroughly wetted and consisting chiefly o f  moderately 
deep to deep, moderately well to well drained soils with moderately fine to moderately 
coarse textures. They have a moderate rate o f  water transmission” twtnx.s (Soil Conserva­
tion Service, 1973). Next, land use types are chosen, this in combination with the soil 
type gives the curve number. For Trinity several types of land use were appropriate, 
giving several curve numbers as shown inTable 2.5.7-A.
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Land Use Curve Number
Fallow Straight Row 86
Straight Row Crops, Good hydrologie condition 78
Meadow, Good hydrologie condition 58
Woods, Fair hydrologie condition 60
^  Table 2.5.7-A: Curve numbers for the Trinity catchment
The mean value for these curve numbers is about 70, so curve number 70 was 
used. Taking the curve from Viessman et al (1989), it was possible to develop a 
regression equation. Equation 2.1 :
r =  0.1815/7*'^^'^ Equation 2.1
Where r is runoff and p is precipitation, both in inches.
When the daily Trinity precipitation data are entered into this equation, an 
estimate of runoff is produced. Note that the original use of curve numbers related 
storm precipitation to runoff, not total daily precipitation data. Whilst it is possible 
to estimate storm precipitation for the most recent precipitation record, if  the curve 
numbers approach is to be applied to the 130 year precipitation record this is not 
possible. Hence curve numbers will be applied to total daily precipitation. Although 
this is technically incorrect, the methodology can still be used to gain a useful insight 
into stream runoff, especially if it can be demonstrated that the estimates of discharge 
produced by the curve numbers are not dissimilar to the actual gauged values.
The total daily runoff value is then multiplied by catchment area to give an 
estimate of the total volume of water that ran off from that catchment during that 
particular day. This can be turned into a crude estimate of mean daily discharge in 
cusecs. These data appear to be similar to the observed discharge data and mostly are 
of the same order of magnitude. Unfortunately, an A N O VA  test reveals that they are 
significantly different, with an F-test value of 627.6 and a probability of 0.0001, 
indicating a significant difference at a significance level of p < 0.05. However, analysis 
o f the discharge estimate is complicated by the large number of days with zero 
precipitation. These days appear to have zero runoff when the curve numbers are 
applied. In order to gain a better idea of the differences between the curve numbers 
estimate of discharge, and the observed data, a ratio of the two was calculated for each 
day. O f the 2533 days, 1064 or 42% have no precipitation and hence are calculated to 
have zero discharge. For the remaining 1212 (or 47.8%) days, the ratio between 
observed and calculated discharge is between 0.1 and 1.0. Only 257 days (or 10%) 
have a ratio greater than 1.0. This would suggest that curve numbers underestimate 
discharge values, by up to 100% of the observed value.
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This can be interpreted, in qualitative terms at least, as indicating that there is
an approximate agreement between the discharge estimated by curve numbers and the 
observed discharge. Hence it is possible to dismiss some of the reservations on the use 
of curve numbers, this approach does appear to be estimating approximate discharges. 
For the majority o f days with precipitation, the curve numbers method estimates a 
value of discharge in fair agreement with the observed data. However, when the days 
with zero precipitation are removed from the curve numbers data, an ANOVA analysis 
still reveals a statistically significant difference (at a significance level of p < 0.05) 
between the curve numbers estimate and the observed discharge data. The F-test result 
is 195.7 and the probability is 0.0001.
Unfortunately, at the daily scale, this approach does produce data that are 
significantly different from the observed discharge values. Arguably, this is to be 
expected, as curve numbers are an approximation, and are dependent on estimations of 
catchment characteristics. Before this (possibly inaccurate) approach can be extended to 
the historical data, it is necessary to consider whether curve numbers are applicable to 
precipitation data on a monthly scale. The historical precipitation data supplied by the 
Jersey New Waterworks Company is at a resolution of monthly totals, so in order to 
allow comparison, mean monthly discharge figures were also generated. Curve 70 was 
then applied to the total monthly precipitation figures, then converted into mean 
discharge values in cusecs. When compared to the observed discharge values these were 
found to be significantly different to the calculated values (an ANOVA, at a signifi­
cance level of p < 0.05, produces a F-test result of 70.2, and a probability of 0.0001). 
This difference appears to be a result of the monthly precipitation data covering too 
short a time interval. Therefore, the mean precipitation values for three months were 
calculated, and used to generate a mean three monthly discharge figure. When 
compared to a mean three monthly value for observed discharge, this showed no 
statistically significant difference (at a significance level of p < 0.05). The A N O V A  
F-test result was 1.0 and the probability was 0.3121.
This is interpreted as indicating that the curve numbers methodology produces 
discharge estimates in close agreement with the actual discharge data. Therefore, it 
seems safe to assume that this approach may be extended to the 130 year precipitation 
data set. The review of literature on historical Jersey land use suggests that woodlands 
would have been more extensive over the past 100 years, hence it was decided to re­
examine which curve numbers would be. .most appropriate, these are shown in Table
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Curve Number______________________________Land Use
Wood, in good hydrological condition 
Rotation meadow, contoured and terraced, in good hydrological condition
Pasture, in fair hydrological_condition
55
67
69
Table 2.5.7-B: Curve numbers for the Trinity catchment, given historical land use
2.5.7-B:
The 'average' curve number here is number 60, as soil characteristics remain 
unchanged. The curve can be represented as a regression equation:
r  =  0.0984/?'^^^^
Equation 2.2
Given the observed variation in annual precipitation amounts noted above 
(section 2.5.3) and the uncertainties regarding the nature and timing of changes in land 
use, it was decided that direct application of curve numbers to the whole 130 year 
record would be unwise. Instead it was decided that this equation should only be 
applied to the first 20 years of the historical precipitation data (i.e. 1865-1885). This 
is because there is very little data on historical land use on Jersey. It is known that 
considerable changes in land use have occurred, from the extensive orchards of the early 
nineteenth century, with a subsequent conversion to potatoes and corn in the twentieth 
century, with major changes occurring during the Second World War. However, precise 
patterns of when these changes occurred are not known. Hence it was decided to apply 
Equation 2.2 to only the first twenty years of the record. This is an approximation, and 
the equation may be applicable to a longer time series, however this approximation is 
valid as a means of gaining an insight into whether the valleys are contemporary 
features. Application of Equation 2.2 to the 1865-1885 precipitation data produces the 
summary statistics on estimates of discharge shown in Table 2.5.7-C.
Discharge Estimate, 1865-1885 /  nJs'‘
Mean 0.064
SD 0.043
Variance 0.002
M in 0.005
Max 0.257
Range 0.252
Skew 1.641
Kurt 3.418
Mode 0.075
Median 0.053
25th Percentile 0.034
75 th Percentile 0.080
Table 2.5.7-C: Summary statistics on discharge estimated 
from curve numbers for the period 1865-1885
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When curve number 60 was applied to the precipitation data for the period
1865-1885, the mean three monthly discharge value was 0.064 cusecs, extremely close 
to the mean of the observed mean daily discharge, 0.07 cusecs. Another A N O V A  was 
conducted to compare the mean three monthly historical data against the contemporary 
data, using a three monthly mean of daily mean discharge. This A N O V A  shows that 
there is no statistically significant difference between the two data sets (at a signifi­
cance level of p < 0.05), with a F-test value of 1.2 and a probability of 0.2793.
This is interpreted to mean that there is very little change in discharge amounts 
over the 130 years of the precipitation record. This is either due to the crude methods 
used in this analysis, or indicates that the stream discharge has remained reasonably 
constant over the 130 years. Whilst both explanations are certainly possible, the latter is 
more likely, especially given the lack of any statistically significant changes in the 
seasonal scale precipitation figures, which have the same resolution as the three monthly 
discharge estimates. This would imply that the six years of observed discharge data 
are indeed representative of the longer term precipitation records, despite the changes 
observed in these records. It is possible that the 130 year discharge record would show 
similar changes to the precipitation record at an annual scale. However, this will not be 
investigated. Given the approximate manner in which the discharge data was generated, 
it is unlikely that such fine changes as observed in the precipitation record will emerge. 
I f  such trends d id  emerge, these are likely to be a product of the application of an 
equation to the precipitation data. In other words, changes in the discharge record 
would simply be a reflection of changes in the precipitation data. Hence it can be at 
least accepted as a supposition that the discharge record at Grande Vaux has remained 
reasonably constant over the past 130 years. What are the implications of this?
2.5.8 Trinity Denudation
Section 2.5.7 indicates that stream discharge in the Trinity catchment is rather 
low, implying that the stream is underfit. Is it possible to demonstrate that this is the 
case, that such low stream discharges could not have formed the Trinity valley? I t is 
possible to determine whether this is that case by applying a stream discharge - 
sediment transport relationship, which would estimate the approximate amount of 
sediment removed from the valley in a given month, from the above discharge data. I f 
a large amount of sediment were removed then it might be possible that the valley was 
formed during the period of historical"records. Despite an extensive search of the
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literature, a reliable discharge - sediment transport relationship was not found. Hence
■ an alternative method will have to be investigated. It is desirable to repeat that is point 
that the aim of this section is simply to gain an insight whether contemporary (last 130 
years) processes are capable of forming the Jersey valleys. I t is possible to develop a 
detailed model relating contemporary discharges to erosion amounts, however this 
might not be necessary. I f  an existing method is applied to Jersey and this is suggests 
that contemporary processes are capable of forming the valleys, then a more detail 
approach will be developed. I f  this initial research demonstrates that the valleys are 
indeed misfits then it may not be necessary to develop a more advanced model. It is 
repeated; this is an initial study to gain insight into the valleys, more advanced 
approaches will be developed and applied if and when necessary.
Langbein and Schumm (1958) study the relationship between effective mean 
annual precipitation and catchment sediment loss for a range of basins across the USA. 
Give the range of climates and differing geomorphic settings that Langbein and 
Schumm (1958) studied, this methodology might not be directly applicable to 
Trinity and some modification might be necessary. However, without applying the 
Langbein and Schumn approach, it is not possible to determine its applicability. I f  
implausible results are produced, then it is likely that the method is not applicable. 
The core of this method is a simple regression relationship between effective precipita­
tion and mean annual sediment yield, although this masks a range of catchment 
processes and differences between catchments. However, given that for the Trinity 
catchment, the only data available are mean monthly precipitation figures, this method 
is accepted as capable of producing a 'first estimation’ of the amount of catchment 
erosion.
Langbein and Schumm (1958) give estimates of mean annual sediment yield 
and effective precipitation. It is possible to perform a regression analysis between all 
the Langbein and Schumm precipitation and sediment data (at all stage levels) to 
produce a relationship between effective mean annual precipitation and sediment yield. 
Note that Langbein and Schumm never attempted this. The relationship is:
S = 970.54e
Equation 2.3
Where S is sediment yield in imperial tons per square mile and p is mean 
annual effective precipitation in inches. Note that this relationship is statistically 
significant (at a significance level of p < 0.05) with an r^  value of 0.9302 (n is 6). In
order to define mean annual effective precipitation the Thornthwaite (1948) precipita-
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tion-effectiveness (P-E) ratio was used. This is:
12 _ 111
Equation 2.4
(Richards, 1982, pp 37.) Here P is monthly precipitation (mm) and T  is mean 
monthly temperature (°C). This calculates the effective precipitation index from a 
function of actual precipitation and mean temperature, taken to be 12.2°C for Jersey 
(World Climates CD-ROM, 1992). The index is a ratio of effective to total precipi­
tation, and when the ratio is known, the effective precipitation can be calculated. For 
Jersey, the average index is around 80%.
When applied to the Jersey precipitation record, this method appears to 
indicate that during most years, a considerable amount of sediment is lost as suspended 
load. Further sediment will be removed from the catchment as bed and solute load 
however this approach does not attempt to estimate these. A sa  further approximation 
these processes might be expected to remove a similar amount of sediment as 
suspended load. This approach further assumes that this method is correctly estimating 
sediment loads, and that all available sediment is being removed from the catchment, 
i.e. that the catchment is transport limited. Given the evidence of weathered sediment 
deposits in the field this assumption seems correct. Over the 130 years of the precipita­
tion data, this totals 0.22 metric tonnes (or 220 Kg) of sediment as suspended load. 
This might seem to be a considerable mass of sediment. However, given that the 
geology of the majority of the Trinity catchment is composed of the Jersey volcanics, 
and assuming that the mean density of this is 2.3 kg m'^ (the density of silica), this 
would translate to a volume of sediment removed in the order of 513 m^ This would 
appear to be a vast amount of sediment, however, when this volume is averaged across 
the whole T nrn ty  catchment, this equals a lowering in the order of 5 mm in the past 
130 years. Even doubling this estimate to allow for bed and solute load would only 
increase denudation to 10 mm in 130 years.
Clearly, there has not been a uniform amount of denudation across the whole 
catchment, and (one can speculate) erosion has been concentrated within the valleys. I f  
this proved to be correct, then there still could not have been a greatly increased amount 
of erosion. Assuming that the valleys equate to 10% of the total area of the Trinity 
catchment, and that all the erosion occurred here, this would only mean a lowering of 
around 5 cm. So, i f  the Langbein and Schumm approach is viewed to be correct, this
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could be interpreted as meaning that very little erosion has taken place with the Trinity
catchment, and that the valley is indeed a misfit. It should be stressed that the Langbein
and Schumm approach is only a first approximation, and this is not absolute proof of a
denudation rate of 5 cm across Trinity in 130 years. However, such a low figure must
indicate that the valley formation has not taken place in the last 130 years. This
therefore provides some quantitative justification for what might seem obvious, that the
valleys are misfits, however it is necessary to demonstrate this before this research is
taken any further.
So, having suggested that the Trinity valley is misfit under contemporary 
conditions (the last 130 years), is it possible to scale this up to a more geomorphologi- 
cally meaningful time scale? Given the crude nature of this estimate, being founded on 
weak data and using a relationship not immediately applicable to Jersey, such an 
extrapolation is probably unwise, as it would ignore too many geomorphic processes 
and include too many potential errors. Furthermore it is probably unnecessary. Research 
on the Holocene of Jersey (Jones et al, 1990) does not indicate any evidence for periods 
of significantly increased precipitation and hence erosion. So, it would seem that 
erosion amounts during the Holocene would not be significantly elevated above present 
levels, suggesting that the valleys were also misfit during the Holocene. Hence the 
origins of the valleys must pre-date the Holocene.
2.5.9 Conclusion
Therefore it may be suggested that the Jersey catchments are indeed misfits, 
that the streams that flowed through these networks are not capable of forming the 
valleys they occupy. To summarise, the valleys can be suggested to be misfits as;
• There is no evidence of significant fluvial erosion in the valleys at the present 
day:
No meander undercuts.
No significant bank erosion.
No bridge undercutting,
No engineering to prevent erosion.
• In the ‘dry’ tributary valleys, there is simply no evidence of recent fluvial activ­
ity. Valleys floors are vegetated, there are no signs of gullying or other fluvial 
erosion. Many such valleys have houses located in them.
• There are no large debris fans either within the valleys or along the coast where
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eroded material would be deposited.
• There is no documentary evidence in the annual Bulletin de La Société Jersiaise of 
recent valley erosion. There is for earthquakes, storms, and other unusual events, 
but no mention of flooding, suggesting underfit streams.
• Finally, application of a crude method of estimating fluvial erosion suggests 
that the streams are incapable of erosion, and hence that the valleys are misfits. 
So, i f  the valleys are indeed misfits, as seems reasonable to suggest, how did
they form? This thesis aims to address this very issue.
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3. P a l a e o h y d r o l o c t
3.1 Introduction and Definitions
The definitive statement of the aims and objectives of palaeohydrology was 
probably given by Gregory (1983) (pp 13): Palaeohydrology is the discipline that 
aims “to reconstruct and to explain the hydrological cycle and the pathways o f  energy 
transfer in the hydrological cycle under previous conditions. ”
Palaeohydrology emerged as a unified academic discipline with the initiation 
of IGCP project 158 (Gardiner, 1986, 1988), ‘The palaeohydrology of the temperate 
zone during the last 15,000 years,’ together with the publication o f the subsequent 
‘palaeohydrology’ volumes: Background to Palaeohydrology {Gtt^or/, 1983), Palaeohy­
drology in Practice (Gregory, Lewin, and Thornes, 1987) Temperate Palaeohydrology 
(Starkel, Gregory, and Thornes, 1991), Global and Continental Palaeohydrology 
(Gregory, Starkel, and Baker, 1995) and Global Continental Change; A context for 
palaeohydrology (Branson, Brown, and Gregory, 1996). I t was this project that marked 
the acceptance of palaeohydrology as a single discipline in its own right. Prior to this, 
palaeohydrological research could be found within a series of other subjects. I t  was the 
initiation of IGCP project 158, that brought these separate threads of interest together 
to form a single coherent discipline.
Palaeohydrology still stands at the intersection of several disciplines, and many 
of its approaches and methodologies are inter- or multi-disciplinary. This means that a 
comprehensive review of the development of palaeohydrology should consider all of 
these other subjects. However, as this study is one of geomorphology this review will 
concentrate on those aspects of palaeohydrology that concern geomorphology, but will 
comment on other facets of palaeohydrology where they of relevance to this study.
3.2 Origins
The first paper commonly acknowledged to deal with palaeohydrology 
(Gregory, 1983) was Leopold and Miller (1954); ‘A postglacial chronology for some 
alluvial valleys in Wyoming.’ This can be seen as the logical extension of earlier work 
by Leopold and co-workers that touched on the boundaries of what has now become 
known as palaeohydrology. Leopold and Miller (1954) was a wide-ranging account of 
the geomorphology of a series of valleys in Wyoming, specifically, the alluvial
sediments and terraces present. The paper also includes a commentary on the hyd
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logical regime involved in the formation of these valleys. The section,
‘Palaeohydrology,’ was possibly the first usage of the term, and concerns the fluvial
conditions involved with the formation of the terraced sequence, that is, conditions of
sedimentary deposition and subsequent erosion.
Research into sedimentary palaeohydrology is now fairly widespread (Costa, 
1983, Partridge and Baker, 1987), and uses the preserved sediments to gain insights 
into palaeoenvironments. Although this methodology is common in palaeohydrology, 
it is of little relevance to this study. Hence whilst the progress of sedimentary 
palaeohydrology will be discussed, the bulk of this review will focus on issues of more 
immediate concern to this study.
The palaeochannels of the Murrumbidgee in Australia have been a source of 
interest for palaeohydrology since the 1960’s, with repeated reviews of this area. 
Langford-Smith (I960) was the first modern researcher to investigate the palaeochan­
nels (or ‘dead river systems’ or ‘prior streams’), although earlier work in 1914 is noted. 
The palaeochannels were suggested to have formed during either glacials or cold 
‘pluvial’ phases of the Quaternary. Schumm (1968), using the Murrumbidgee as a case 
study, focused on the impact of environmental change on rivers. This combined 
sedimentary evidence with aerial photography showing the position of palaeochannels. 
Schumm attempted to estimate palaeodischarge using the Duty (1964a and b) meander 
wavelength method.
An early British palaeohydrology paper was Gregory (1966). This was, in 
essence, a ‘Hortonian’ analysis (see chapter 5) (Horton, 1945) of catchments in south­
west England, with the added interest that a high proportion of the valley network 
under examination was currently inactive. This was discussed within the context of the 
Hortonian analysis but detailed information on the formation of the dry valleys was 
lacking. The issues involved with dry valleys were returned to by Gregory (1971), in a 
comprehensive review of these features. Gregory discussed a range of previous theories 
on dry valleys, and suggested new ideas, which are covered in greater depth in section
3.5 below.
Duty (1960) noted that streams form a meandering plan form, and that the 
wavelength of the meanders is related to river discharge, channel slope, and surrounding 
sediments and sediment load. Therefore, if one knows a river meander wavelength, then 
it might be possible to estimate river discharge. This is complicated by environmental 
change, which can lead to hydrological change and either the abandonment or modifi-
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cation of river meanders. When a river displays a meander wavelength indicative of a
greater discharge than the river currently experiences, this is termed an underfit stream. 
Dury identified two types of underfit streams (underfit streams may also be termed 
misfit stream^. The first are manifest underfits, these occur where the pattern of 
contemporary river meanders is superimposed on a pattern of larger, palaeo meanders. 
Osage-type underfits are channels with significantly reduced dimensions, and a pooh 
riffle sequence that has adapted to the current channel, but which lacks harmonious 
stream meanders even though the valley does contain meanders. Osage-type underfits 
are named after the Osage River, a tributary of the Missouri which displays this 
phenomenon (Dury 1966). The Severn near Shrewsbury is a British example of this. 
Much of Duty’s work (I960, 1963, 1964 a and b) discussed the possible modes of 
formation of underfit streams, particularly in relation to Davis’ ‘stream capture’ 
hypothesis (Davis, 1895, 1896, and 1913). As underfit streams are a regional phenome­
non, it was suggested that stream capture could not be a satisfactory explanation. 
Therefore, regional environmental change was proposed as the likely cause.
Cheetham (1980) is a case study of the palaeohydrology of the Kennet Valley, 
southern England, employing techniques as diverse as sedimentology, aerial photogra­
phy and morphometry to determine patterns of hydrologie change. This paper is 
noticeable for the range of techniques employed and its classification as palaeohydrol­
ogy marks the growing importance of the discipline.
3.3 Acceptance and Advancement
As noted above, the publication of Background to Palaeohydrology (Gregory, 
1983) can be seen as marking the emergence of the academic discipline of palaeohy­
drology. This volume brought together many of the threads that are now considered to 
comprise palaeohydrology, organised under the headings ‘background’ and 
‘perspectives’. The volume is notable not only for its introduction of palaeohydrology, 
but also for the papers it contains.
After the publication of Background to Palaeohydrology, research concentrated on
the goals of IGCP project 158. In Britain this focused on the palaeohydrology of the
Severn catchment. By 1987 there was justification for the publication of a second
Palaeohydrology tome, to review progress to date. Palaeohydrology in Practice
(Gregory, Lewin, and Thornes, 1987) not only continued in the vein of its predecessor
in reviewing the ‘state of the art’ but also formed a review of the progress of British
research on the Severn. The third volume of the palaeohydrology ‘trilogy’ is Starkel,
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Gregory, and Thornes (1992) Temperate Palaeohydrology. This broadened research to
cover the whole temperate zone and provided a concluding summary of project 158.
Palaeohydrology is now accepted as a mature academic discipline, producing 
papers that reflect this status. For example, Gregory (1990) brings together a range of 
techniques to form a detailed review of the palaeohydrology of the Severn basin. 
Today palaeohydrology is an accepted part of the earth sciences, featuring in many 
reviews of individual subjects, for example, Rhoads’ (1994) review of fluvial geomor­
phology. Palaeohydrology has now reached the stage that review volumes (Gregory, 
1996) are able to focus on facets of the study, rather than simply reviewing the ‘state of 
the art’. Finally the most recent review volumes on palaeohydrology; Gbbal and 
Continental Palaeohydrology (Gregory, Starkel, and Baker, 1995) and Global Continen­
tal Change; A  context for palaeohydrology (Branson, Brown, and Gregory, 1996) have 
both advanced the discipline further, moving towards a global scale discussion of the 
themes and development of palaeohydrology.
3.4 ‘Mega Palaeohydrology’
Palaeohydrology has provided insights into some of the largest fluvial 
landforms on this planet (and others). It is through such investigation that the origin of 
the Channelled Scabland of Washington State was explained. These features are now 
explained as resulting from the rapid draining of glacial Lake Missoula which resulted 
in fluvial activity on a huge scale. Discharges are estimated as being in the order of 17 
± 3 million m^ s'^  (O’Connor and Baker, 1992). The Channelled Scabland was thought 
to represent the largest-ever terrestrial water flow. However, it now appears that still 
larger floods have occurred. These are similar late Pleistocene super floods, in the 
Altay Mountains, Siberia. Again, it appears that the dams of a series of glacially 
impounded lakes failed catastrophically, giving peak discharges of at least 18 million 
m^ s'^  (Baker et al, 1993). These are the largest (known) terrestrial floods, the geomor­
phic parameters alone associated with these are outstanding; flow depths of 400 to 500 
m, velocities up to 45 m s'\ and unit stream powers up to 10*^ W m'^ (Baker et al, 
1993). The impact of this flood on the landscape was incredible, eroding a gorge some 
2 km wide, and 600 m deep, and forming a bar 200 m high (Baker et al, 1993).
Even these floods appear small in comparison with some of the Martian outflow 
events. Palaeohydrology now has the rare distinction among the so-called natural 
sciences of involving studies of extraterrestrial features. It is arguable that this goes
beyond the bounds of geomorphology. However, Baker (1993) argues (reasonably) that
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geomorphology allows for the study of E a r th - fe a tu re s  anywhere, including other
planets. This has allowed for the research of features resembling terrestrial fluvial
landforms on both Venus and Mars. This kind of extraterrestrial investigation
introduces a series of new problems, and has produced some interesting science. On
Venus there are a series of long, gently meandering channels, and it is tempting to
ascribe a fluvial origin to these features. Indeed, remotely-sensed data confirm that
these channels have similar meander wavelength-channel width ratios to some terrestrial
rivers (Komatsu and Baker, 1994) However, it seems unlikely that liquid water was
ever present on Venus in sufficient volumes to form these features. Komatsu and Baker
tum instead to an origin involving erosion by low viscosity lava flows. The Martian
features bear a closer resemblance to terrestrial fluvial features (Gulick and Baker,
1989), and are suggested to have formed through the erosion of water flowing over the
Martian surface. The investigations of Gulick and Baker (1989) and The Mars Channels
Working Group (1983) involve the use of many palaeohydrological techniques,
including estimation of channel discharge during formation.
3.5 Morphometry and Palaeohydrology
Morphometry has been used as a means of gaining information about inactive 
palaeohydrological features in the landscape, the classical example being dry valleys 
(see 3.6 section below). Probably the first example of the application of morphometric 
techniques to dry valleys was Gregory (1966) (see section 3.2 above). This is advanced 
by Gregory (1971) in a wide ranging review of the formation of dry valleys. Gregory 
(1976) drew an early link between morphometry and palaeohydrology in a paper that 
considered the variation of drainage basin morphometry with climate, changes in 
network extent with climatic change, and the formation of dry valleys. Park (1977) 
studied dry valleys in Malta, and discussed the variations of drainage density, in both 
spatial and temporal frameworks. Park also attempted to explain the formation of the 
dry valleys in relation to climatic change. Gardiner (1983a) again used dry valleys as 
the subject of a morphometric investigation. This was a paper that focused primarily 
on morphometry, but where the region investigated was the dry valleys of Cannock 
Chase in Staffordshire. Gardiner (1983b), in a chapter in Gregory’s (1983) Background 
to Palaeohydrology, reviewed the use of morphometric techniques in palaeohydrology. 
Gardiner (1986) returns to the subject and re-examines the application of morphomet­
ric analysis in palaeohydrology, remarking on the possible problems this could
produce. Several equations are included to link drainage density to peak catchment
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discharge. Finally Gardiner includes a brief though informative summary of the
palaeohydrology of Jersey. This is in itself a valuable introduction Jersey.
Gardiner (1988) expands on the possible problems involved in palaeohydraulic 
reconstruction from morphometric values. He specifically comments on some of the 
potential problems arising out of the assumptions made by the Carlston relationship 
(Carlston, 1963), a morphometric approach applied to palaeohydrology. Gardiner also 
notes another significant problem; that of obtaining detailed environmental informa­
tion for the present-day Arctic, this includes catchment morphometric and hydrologi­
cal data. Given this lack of data and morphometric research in this area, Gardiner 
concludes that it is probably unwise to apply temperate drainage density-runoff 
relationships to the periglacial zone without modification. The issues involved in the 
use of the Carlston relationship and problems noted by Gardiner (1988) are both 
significant to this study and will be discussed in more depth in later chapters.
3.6 Chronological Review of Dry Valley Origins
3.6.1 Introduction
This section will focus on the various origins that have been suggested for dry 
valleys. A large part of research into dry valley origins, especially the earliest research 
concerned the Chalk dry valleys of Southern Britain. Hence this review will focus on 
this research first, and then cover research elsewhere. It will adopt a historical frame­
work, and begins with the first material specifically concerned with dry valleys. Other 
approaches are possible, however the historical structure will be used as this best shows 
how geomorphic thought advanced with time, as new theories were developed or 
rejected.
An alternative means of viewing dry valleys is though drainage density 
variation. A detailed discussion of this subject is given in section 5.6.7. Although it is 
necessary to note that the short time scale variations discussed in section 5.6.7 are only 
distinct from the changes described in this section by the length of the time scale
involved and the apparent permanence of the changes described in this section. Whilst
section 5.6.7 discusses dynamic changes, this section will discuss changes o f a more 
static nature. Gregory (1971) outlines many of the possible variations in drainage 
density over a range of time scales and suggests a model to link these together. Finally, 
in an attempt to synthesise the development of theory on British dry valleys. Figure
3.6.5-A outlines the progress in this area. -
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3.6.2 Early Suggestions: 1829-1880
Early research on dry valley origins concerned the formation of the valleys on
the Chalk escarpments of southern England. The first material published on dry valley
formation was by Henry de la Beche in 1829. De la Beche noted that many valleys
contained streams too small to erode the valley:
“It seems utterly at variance with the relations o f  cause and effect, to suppose that 
valleys, properly so called could have been formed either by the discharge o f  lacus­
trine waters, or by the rivers that now run, or could either have run, in them. ”
- de la Beche (1829) pp 241
“Could these streams have cut such valleys as they now flow through? I f  there be 
any true relation between cause and effect they could not. ”
- de la Beche (1829) pp 242
De la Beche proposed two possible modes of valley formation: Fluvial erosion “aided 
by the bursting o f  lakes and meteoric agents and “diluvial action, and by other causes 
operating on the bottom o f ancient seasf
Sedgwick (1830) repeats the hypothesis that dramatic fluvial action formed the 
Chalk dry valleys, proposing that the Chalk dry valleys and coombes were “swept out 
by one flood o f  retiring waters during some period o f  elevation (pp 192). This implies 
that erosion took place in a single event during tectonic uplift of the Chalk. Sedgwick 
refers to Scrope (1830), who rejected possible action o f ‘diluvial’ torrents, stating that 
these could only form linear features and “would never produce curve! that characterise 
river valleys (pp 190). Even without this early rejection of the ‘diluvial hypothesis’ 
(namely that the valleys were formed by the Biblical flood) an extensive review of the 
diluvial hypothesis per se is probably not wise. This is not a complete rejection of the 
idea of a ‘superflood’ forming the valleys, simply that such a flood was a result of the 
actions of God. Another set of hypothesis popular during this period was that of 
catastrophism. Again these are not rejected out of hand, however without more recent 
supporting research it is unwise to place too much strength on such ideas.
Theories involving climatic change also began to appear during this period. 
Many of these were ultimately variations on a theme of greatly increased precipitation. 
This ‘pluvial’ period of raised watertables, produced surface runoff and erosion of the 
valley. A later lowering of watertables ends fluvial activity in the valley heads, 
creating the ‘dry’ valley. This is a hypothesis first suggested by Prestwick in 1872, and 
Tylor (1875) suggests that dry valleys near Folkestone were “cut out by rivers flowing 
out o f  springs in a pluvial period.” Gtttvmooà (1877) repeats this, christening the dry 
heads of valleys ‘rain valleys’ attributing their formation to a period of increased
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precipitation, although not as great as that envisaged by Tylor.
3.6.3 Theory Advancement 1887-1940
Reid (1887) produced a brief review of the existing theories of Chalk dry
valley formation, concluding that the valley’s morphology could only be a product of
fluvial erosion, proposing that the Quaternary glaciations of Northern England:
“Would give mean temperature in the South o f  England very considerably below 
feezing point; consequently all rocks not protected by snow would be permanently 
fozen to a depth o f several hundred feet. ”
-Reid (1887) pp 369
This equates to the development of permafrost. This would prevent infiltration of 
precipitation into the regolith, increasing surface flow, enabling fluvial erosion of the 
valley network. Subsequent climatic improvement led to melting of the permafrost 
and a return to conditions of infiltration, reducing surface flow, and forming dry 
valleys. Although this appears to be the most feasible mode of dry valley formation, in 
southern Britain it has still not gained total acceptance.
Chandler (1909) returns to the hypothesis of dip slope valley formation 
occurring by surface runoff during a period of high Chalk watertables. Headward 
erosion and deep incision by the scarp or strike slope valleys leads to watertable 
lowering and contraction of the drainage network on the dip slope of the escarpment 
forming the dry valleys.
Clinch (1910) published the first comprehensive review of dry valleys. This 
includes details of some popular but unpublished theories. These include Seeley’s 
(1887) ideas of marine erosion, Geikie (1887) who suggested formation of networks on 
material overlaying Chalk, and when this was removed the network was transferred to 
the Chalk, and Topley (1887) who evoked running water over frozen ground. Clinch 
disagrees with all theories involving running water on the grounds of the lack of a 
significant watershed, lack of terraces, and lack of consistent deposits. Clinch also 
rejects theories based on combinations of solution and pluvial periods as these over­
stress Chalk solubility and rainfall, and do not explain valley sinuosity, form, and 
presence of rolled Chalk and flints in the valleys. Instead Clinch suggests frost 
weathering of saturated Chalk during a phase of colder climates, which deepened the 
valleys and some fluvial erosion during spring snow melt which removed the debris.
Lamplugh et al (1911), studying the dry valley heads above active streams on 
the Sherwood (or Bunter) sandstone, suggest that: “They indicate some change o f  
conditions by which the surface ‘run-off has been stopped and the general water-level o f
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the Bunter lowered. "Lamplugh et alào not propose how this lowering might occur.
Fagg (1923) introduces another variation on this theme of raised watertables. 
The impermeable Gault above the Chalk elevates the watertable, producing erosion of 
the Chalk. Gradual denudation of the Gault during a ‘pluvial’ phase lowers the 
watertable, forming the dry valley heads. Fagg concludes that this method, together 
with stream capture, is far more important than any climatic variations, and rejects the 
various periglacial hypotheses.
An extension of Reid’s (1887) periglacial hypothesis involves glacial ice in the 
formation of the Chalk valleys. Sherlock (1929) suggests that glacial meltwater from a 
hypothetical South Downs ice sheet eroded the Devil’s Dyke near Brighton. This 
hypothesis would require a considerable southerly extension of the British glacial 
maximum to cover the Downs. I f  such an ice-sheet had existed then meltwater erosion 
would produce similar features along its margin. The absence of these weakens this 
hypothesis, and other sources of evidence (Lowe and Walker, 1984) would tend to 
firmly reject the possibility of a South Downs glaciation. In the discussion following 
Sherlock (1929), Wooldridge (1929) suggests that the Dyke is the product of snow 
meltwater erosion. Cole (1929) also proposed that glacial processes were partly 
responsible for formation of the Yorkshire Wolds valleys. Cole suggested that these 
valleys formed during the uplift of the Wolds, with ice creating the final morphology.
Bull (1936) repeats the hypothesis of a South Downs glaciation, noting apparent 
similarities between Chalk coombes and glacial corries of upland Britain. Bull 
discusses and rejects the possibility that meltwater from glaciers within the coombes 
might have formed the valleys below. Instead, Bull concludes that snow melt during a 
cold pre-glacial period was responsible for valley formation. Bull (1940) discusses and 
rejects the possibilities of escarpment retreat (see below) again settling for this 
variation on Reid’s (1887), that dry valleys are the product of cold conditions.
3.6.4 Review And Re-Assessment
Linton (1956) returns to the possibilities of a raised watertable, suggesting that 
the dry valleys around Sheffield in the southern Pennines formed during a period of 
elevated watertables. Without the possibility of escarpment retreat, Linton proposes 
that a higher rate of erosion in major valleys lead to a lowering of the watertable, 
ending fluvial activity in the upper reaches of the minor valleys. That fluvial activity 
formed these valleys seems have been accepted. However, as Oilier and Thomasson 
(1957) when studying dry valleys in the Chiltern hills note, debate focuses on
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“...whether the water ran over the surface o f the Chalk, because the ground was frozen, or
because the water-table was higher... ”
Dury (1963), in a paper that can be seen as the beginning of quantitative 
palaeohydrology, introduces the term ‘underfit’ to describe streams occupying valleys 
far larger than the stream was capable of forming. Dury re-examines the ‘wind-gaps’ 
described by Davis (1896, 1913), and the hypothesis that these were the product of 
stream capture. Dury found that underfitness is a more regional phenomenon than Davis 
thought, and that capture can not explain many underfit streams. Dury (1964a and b) 
continues the theme that underfitness is a regional phenomenon.
Small (1961), among other hypotheses, proposes that underground diversion of 
water from the dip slope to the scarp slope streams caused abandonment of the dip 
slope valleys. Small seems to suggest this simply to provide an alternative to 
periglacial activity, even though he himself notes the problems associated with this 
escarpment retreat hypothesis in the South Downs. These include the presence o f the 
Ambersham (or 200 foot) terrace (Wooldridge, 1928) which would prevent the large 
amounts of escarpment retreat envisaged by these hypotheses. Studying the Devil’s 
Dyke, Small (1962) seeks a different mechanism, and reconsiders periglacial activity, 
before concluding that the Dyke formed by spring sapping associated with a higher 
watertable. Stream capture explains the local morphology of the Dyke. Small (1964) 
used a similar mechanism to explain the formation of dry valleys in the region around 
Southampton. A lowering of the watertable as a result of incision by the scarp slope 
valleys leads to the drying of the dip slope valleys, a hypothesis similar to that of 
Chandler (1909).
Small and Lewin (1965) working on the South Downs also dismiss snow melt 
and nivation, again favouring spring sapping. Lewin (1969a) supports this, suggesting 
while the dry valleys on the Yorkshire Wolds may have undergone modification during 
periglacial phases, actual valley formation was by spring sapping and headward erosion 
during a phase of raised watertable resulting from increased precipitation. Working on 
the Stonehill Valley Lewin (1969b) repeats this hypothesis.
Manley (1964) suggests that the South Downs valleys formed by spring sapping 
and headward erosion during a phase of raised watertable resulting from increased 
precipitation. Again this is really a repetition of previous ideas, in this case Greenwood 
(1877). Manley notes that only a slight increase in effective precipitation would be 
necessary to produce stream erosion, and suggests that natural Chalk Downland
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vegetation of scrubby woodland “wouldprobably give rise to extensive fog drip adding
appreciably to the available water for percolation” 164) into groundwater.
Warwick (1964) repeats Linton’s (1956) ideas that the dry valleys of the
southern Pennines formed during a phase of raised watertables. Erosion by major rivers
leads to a faster rate of watertable lowering than the erosion of the headwater streams.
This lead to the drying of the upper reaches of the headwater streams.
In 1966 Winslow returned to idea that submarine processes were responsible for 
valley formation, suggesting that many valleys across Great Britain are raised 
submarine canyons. Winslow accepted that his ideas were a modernised interpretation 
of “some long rejected ideas”, and like those old ideas, he fails to provide an explanation 
for the uplift o f this submarine topography to the present elevation. Morgan (1971) 
interestingly combines several hypotheses, before deciding that fluvial erosion during a 
phase of higher sea-levels (and hence watertables) during the Neogene formed the 
Chalk valleys. A later sea level fall would cause the abandonment of the upper reaches 
of these valleys. Morgan concedes that periglacial activity would modify these valleys 
during the Pleistocene. The hypothesis that dry valley formation could have taken place 
during higher sea levels is suggested by Geyl (1996). However, rather than a subaerial 
origin, Geyl suggest that the valleys are ‘palaeo tidal neomorphs’. In other words, 
features formed by tidal erosion. The exact processes by which this would occur are 
uncertain, and lack of supporting evidence for such higher sea levels considerably 
weakens this hypothesis.
One of the most detailed papers on the ‘classic’ Chalk dry valleys of south-east 
England is Kerney et al (1964). This studied a speciflc area of the Chalk, including the 
Devil’s Kneadingtrough, and was able to date deposits found in association with dry 
valleys. Kerney et al dated marsh deposits below a fan that occurred at the mouth of the 
Kneadingtrough. This produced a date of 10,800 to 10,300 years BP, indicating that 
the valley activity occurred after this date. The fan was composed of ‘frost shattered’ 
material that is suggested to have been transported by periglacial fluvial activity. 
Additionally the fan contains beds of loess deposits, further support for a periglacial 
origin for the valley. Kerney et al also discuss the possibility of spring water producing 
the valleys. This is rejected and the springs are stated to have produced virtually no 
erosion, and their location has remained fairly constant. Kerney et al conclude by 
suggesting a periglacial origin for these features.
Gregory (1971) suggests that two "methods are responsible for the formation of
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the dry valleys in the Otter Basin, Devon. The larger valleys are possibly the product of
erosion during a phase of raised watertable, whilst the smaller valleys are the product 
of periglacial snowmelt. This acceptance that multiple explanations might best explain 
the formation of dry valleys is a key advance, and the importance of Gregory’s work in 
this area should not be under-estimated. This paper also explains the development of 
dry valleys from the perspective of drainage density variation, outlining a model of 
drainage density change over a variety of time scales, another noticeable advance given 
by this paper. Furthermore this paper is also a detailed morphometric investigation, 
with an extensive model of drainage density variation. This model relates drainage 
density to geology, topography, other morphometric parameters, and a variety of time 
scales, including steady, graded and cyclic. Gregory (1976) reiterates the complexity 
of valley origins, suggesting that no single model of valley development is satisfac­
tory.
The impact of periglacial processes in southern Britain is assessed by French 
(1976). This comprehensive review suggests that Chalk is highly susceptible to frost 
action and its permeability will prevent contemporary fluvial action, preserving 
periglacial features. French suggests an interesting multi-phase development of the 
Chalk dry valleys by noting, quite reasonably, that “it is inconceivable that the Chalk 
possessed no valleys before the on set o f  periglacial conditions! Hence French repeats the 
ideas of Tylor (1875) and Greenwood (1877), that the valleys initially formed during 
a phase of higher watertables, presumably during the Tertiary. However, the valleys 
were subject to fluvial activity over permafrost and this created the valley form that is 
preserved today. French also investigates the formation of the Chalk coombes, 
suggesting that some may have formed by spring sapping, particularly where there is a 
correspondence with Chalk jointing. However French also proposes a periglacial origin 
for some coombes. This is a combination of intensive physical weathering and 
meltwater on frozen ground. French dates the largest coombe, the Devil’s Knead­
ingtrough at Brook, to pollen zone 111, and suggests that formation took place in 500 
years.
A problem for any hypotheses of meltwater erosion is that increased slope 
activity in periglacial environments may fill any valley as rapidly as streams erode. 
Richards and Anderson (1978) studied valleys on the Holt-Cromer ridge in North 
Norfolk, an Anglian push moraine (Hart, 1990). Richards and Anderson conclude that 
here meltwater erosion occurred after valley infilling, essentially re-excavating the
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valley.
3.6.5 Periglacial Processes. 100 Years After Reid
Younger (1989) suggests one of the most plausible methods of formation of the 
Chalk dry valleys. This proposes that during the Devensian the presence of permafrost 
would prevent infiltration, as suggested by Reid (1887). However flowing water 
would, by the effects of friction, melt the upper layers the permafrost. This in tum 
would weaken the regolith and allow stream erosion along the course of the stream. 
With time an ice free zone (or talik) would develop beneath the river. It is possible that 
the talik could remain all year despite the absence of run-off during the winter. Studies 
of periglacial hydrology suggest that the majority of river erosion occurs during the 
relatively brief period of the spring melt-out (Onesti and Walti, 1983). I f  the talik 
remained in the valley bottoms, then this would act as a focus for water. The saturated 
state of the talik would increase such erosion. Later climatic improvement leads to the 
melting of the permafrost, effectively ending valley formation.
Jones (1979) discusses the dry valleys in south-east Derbyshire. The valleys 
dissect Wolstonian drift, but are frequently infilled with head of a presumed Devensian 
age. This suggests that the formation of these features post-dates the Wolstonian, but 
took place before the last phase of Devensian slope activity (note that this area was not 
glaciated during the Devensian). Jones reviews and rejects Warwick’s (1964) suggestion 
of superimposed drainage. However, Jones concedes that there is insufficient evidence 
to completely reject Duty’s (1959) ideas that the dry valleys are the product of a phase 
of much higher precipitation. Instead, Jones settles for periglacial conditions and snow 
meltwater. Cheetham (1980) also discusses the influence of permafrost on the Kennet 
valley, Berkshire. This paper is also notable for the use of drainage density to estimate 
discharge.
Tuckfield (1986) studies the Dells in the New Forest, Hampshire. These are 
amphitheatre-shaped hollows, perched on valley sides. They can occur singly, or in 
groups as tributaries to dry valleys. They have steep head walls and sides and lack 
water worn channels. They are cut into Eocene sands and clays, probably by solifluc- 
tion. Although solifluction was involved in their formation, other processes are 
suggested to account for initial formation, e.g. nivation. (Incidentally, the term dell is 
old English for a hollow, whilst dellen was used by Penck (1924) to describe a valley 
lacking a stream, formed by corrasion.) Allen and Gibbard (1993) also discuss the 
drainage of this region, in the context of the evolution of the ‘Solent River’. This is
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suggested to have taken place during the Ipswichian and Devensian, and appears to be
related to periglacial conditions. If the dry valleys of southern England are the product
of such conditions, then it is likely that similar conditions prevailed in Jersey at the
same time. This seems to be the most reasonable hypothesis suggested for the
formation of dry valleys. It can be seen from this that periglacial processes merit
further attention. This will take place below in chapter 4.
mm
Figure 3.6.5-A: The development of explanations of dry valley formation
From this section it can be seen that theory on chalk dry valley origins has 
focused on a small number of explanations and variations on these. Such explanations 
began with the catastrophism and dilvuial schools, moved on to theories involving 
watertable elevation and escarpment retreat, before various ‘cold climate hypotheses 
were suggested in 1877. Although the periglacial hypothesis seems to be the .most
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widely accepted, the other explanations have periodically reappeared over the century
since Reid’s (1877) proposal. In an attempt to synthesise this development, Figure
3.6.5-A outlines the development of geomorphic thought on dry valleys in Britain
through time. The thick line traces the development of theory and attempts to draw
links between published papers. This approach allows the changes in theory to be shown
in a single clear picture, and shows how radical changes have taken place in relatively
short periods, how single workers have contributed to the development of theory, and
how those theories relate to previous work.
3.6.6 Dry Valleys World Wide
The occurrence of dry valleys is by no means restricted to the British Isles. 
The ' s increasing evidence of misfit fluvial valleys across the globe, and indeed on 
other planets (Mars Channel Working Group, 1983, Gulick and Baker, 1989). For 
example Park (1977) studies the dry valleys on Malta. Again this is an area where the 
predominant geology is limestone. However it is unlikely that Quaternary periglacial 
effects can account for these features, as Malta is too far south, beyond the lim it of the 
maximum extent of the permafrost. Alternative mechanisms would have to be found. 
Interestingly this is a rare example of a paper that approaches the analysis of dry 
valleys from a morphometric viewpoint.
Fermor (1972) notes the presence of dry valleys on emerged coral reefs in 
Barbados. After reviewing previous theories of formation, Fermor concludes that 
surface runoff after heavy storms probably formed the networks. The possibility that 
spring sapping might form valleys is re-examined by Higgins (1982), using examples 
as diverse as the English Chalk, south-western Egypt, a series of locations in the USA 
and several of the Martian canyons. Higgins provides an example of how sapping occurs 
on beaches where the watertable reaches the surface. This model appears to be valid for 
beaches. However, whether it can be scaled as Higgins suggests to larger features is open 
for debate.
Uchupi and Oldale (1994) return to spring sapping, suggesting that this process 
formed a series of valleys on Cape Cod and several nearby islands. In this example the 
presence of nearby pro-glacial lakes elevated the watertable sufficiently to allow spring 
sapping. Additionally the high hydrostatic pressures created by these lakes aided in the 
erosion of the permeable outwash materials. In this example the use of spring sapping is 
reasonable, providing a feasible explanation of how the ‘coombes’ at the valley heads
formed. For this example of very soft sediments spring sapping is viable.
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Onda (1994) investigates the formation of amphitheatre headed valleys in
Japan. Here sapping through granodiorite is combined with regolith mass movement to 
create the amphitheatre. The seepage of water at the bottom of the amphitheatre 
removes material. This theory appears plausible in the location tested. One of the key 
papers in the re-emergence of spring sapping as a geomorphic process is Baker (1990). 
This examines the processes of sapping within the context of valleys in Hawaii, on the 
Colorado plateau and several of the Martian systems. Certainly, for the examples given 
spring sapping appears to be a feasible process. However before it could be applied to 
Jersey, the issues of watertable elevation and lowering would have to be resolved.
That the dry valleys and dellen of central Europe might lack a palaeohydraulic 
origin is discussed by Teisseyre (1991). This proposes that dry valleys are formed by 
slopewash, and what is broadly termed overland flow. Teisseyre argues that continued 
slopewash enlarges and deepens the valley until the watertable is reached and a stream 
formed. This hypothesis is rather unusual, proposing that dry valleys are not fossilised, 
inactive features, but immature parts of the landscape awaiting evolution. 1 f  this theory 
is strengthened for Central Europe, then it could be applicable elsewhere. Considerable 
research has been conducted on palaeohydrological features in Poland including misfit 
valleys and dellen, see Kozarski (1983), Starkel (1995) and references therein. Whilst 
Poland is a very interesting area of study, given its distance from Jersey and the 
difference of climate and climatic history, this field will not be investigated further.
Palacios (1993) proposes a fluvial origin for valleys in the Canary Islands. Here 
phases of fluvial activity create valleys, then volcanic lavas cover the valleys. At the end 
of the volcanic phase fluvio-torrential activity resumes and a new, wider valley forms, 
this process can recur indefinitely if climatic and volcanic conditions allow. Shaw et al 
(1992) and Nash (1996) discuss the formation of mekgacha, dry canyon-like features in 
the Kalahari. These are suggested to have formed during a wetter phase of the Quater­
nary. Running water continued to flow through the mekgacha until human interference 
lowered the local watertable, at which point fluvial activity ceased.
Lastly, Thomas and Goudie (1985) and references therein discuss the occurrence 
of damhos, these appear to be the tropical equivalent of temperate dry valleys being 
found across the tropics. They are shallow linear depressions which appear to form 
dendritic networks, and are only seasonally active, lacking a permanent stream channel. 
Although an exact origin is uncertain, Thomas and Goudie suggest that they were 
formed during different bioclimatic conditions during the Quaternary. This would
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imply that changes in the hydrological regime of the dambos, probably involving a
form of vegetation that reduced the amount of interception, plus an increased amount of
precipitation, increased discharge sufficiently to allow dambo formation.
Hence it can been seen that dry or misfit valleys are a global phenomenon. 
However, this does not mean all these features have the same exact origin. Indeed, it is 
probably unwise to attempt to develop a single global explanation of dry valleys. 
Figure 3.6.5-A illustrates the complexity of explanations suggested for British dry 
valleys.
3.7 Conclusion
From this review chapter it may be suggested that the most likely explanation 
of the origins of the Jersey misfit valleys is that they are the product of snow meltwater 
erosion during one or more periods of periglacial climates. This chapter has provided 
an academic context for this thesis by reviewing the development of palaeohydrology, 
and has related this to the history of research on dry or misfit valleys. A chronological 
and theoretical framework, reviewing theory advancement through time, has been used 
in order to link together sometimes disparate threads of theoretical development. This 
review suggests that a particularly fruitful theoretical standpoint would seem to be to 
regard dry valleys as the persistent landscape expression of temporal variations of 
drainage density (the dynamic drainage density model), as suggested by Gregory
(1971).
Building from this review, the rest of this thesis will investigate the possible 
origins and form of the Jersey misfit valleys. First, in the next chapter, hypotheses 
concerning the mechanisms and processes of formation of the valleys will be further 
developed. Chapters 5, 6, and 7 will investigate aspects of the morphometry (i.e. 
form) of the valleys. Within this, chapter 5, and especially section 5.2.8, is concerned 
with the spatial and temporal variation of drainage density.
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4. H ypo th eses  D e v e l o p m e n t
4.1 Introduction
This chapter will begin the process of developing hypotheses on the formation 
of the Jersey misfit valleys. Although this study is specific to Jersey, such misfit valleys 
are common across southern England, and the Armorican peninsula. Hence, whilst this 
study shall focus on Jersey, it has a wider context, in that any revelations about Jersey 
should also be applicable to the wider region. This study will attempt to standardise 
on the following terms; ‘misfit valleys’ are valleys where the stream is too small to be 
capable of eroding them, such streams are termed ‘underfit streams’. The chapter will 
begin by reviewing existing theories on the origins of misfit valleys, in over to place 
this study within the academic context of such studies. With this accomplished, a pos­
sible hypothesis on the origin of the valleys will be suggested, and more relevant back­
ground information in support of this hypothesis will be give. Finally a review of ap­
plicable geomorphic processes will be discussed, with a view to explaining the types of 
processes that might have formed the Jersey valleys. Again this section will give the 
academic and geomorphological context to this research.
4.2 Alternative Theories of Misfit Valley Formation
4.2.1 Introduction
In order to investigate the origins of the Jersey misfit valleys, it is first neces­
sary to propose a hypothesis to explain the mode of valley formation. To some extent 
the Jersey misfits are analogous to dry valleys found elsewhere in the British Isles. 
Therefore, rather than suggesting a range of mechanisms to explain the Jersey valleys, 
this section will attempt to review previous explanations of dry valley formation. This 
will allow the widest possible range of explanations to be applied to Jersey, and will 
also allow comparison between Jersey and other dry or misfit valleys across the British 
Isles.
A variety of origins has been suggested for dry or misfit valleys. These are dis­
cussed in some depth in chapter 3. This section therefore will only include a brief over­
view of possible mechanisms that could form such features so that the Jersey valleys 
may be placed within the proper academic context. This section briefly reviews and 
assesses the alternative methods of valley formation before determining which approach 
is most appropriate to Jersey. It is quite possible that these mechanisms are appropriate
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in the location of their development. However they may be inappropriate to Jersey.
There are four groups of hypotheses; watertable elevation, spring sapping, escarpment
retreat and activity during cooler climates. Many of these hypotheses are ultimately the
products of climatic changes in one form or another. Rather than collecting all these
together under the blanket heading o f ‘climate change’, a more specific classification
will be used.
4.2.2 Watertable Elevation
Prestwick (1872), Greenwood (1877), Chandler (1909), Lamplugh ffd^(1911), Fagg 
(1923), Linton (1956), Manley (1964), Gregory (1971).
The principal problem with these theories is how watertable elevation occurred. 
Several theories require a massive increase in precipitation (Prestwick, 1872, Green­
wood, 1877). There is little supporting evidence of this, considerably weakening these 
hypotheses.
Alternative theories involve an equally large increase in global sea level 
(Morgan, 1971). Whilst sea levels certainly have been higher, if the major Jersey valleys 
formed during such a period, then it is likely that they would have eroded to this higher 
sea level. This does not appear to have occurred, the valleys appear to match contempo­
rary or lower sea-levels. This further weakens the hypotheses associated with higher sea- 
levels.
It has been suggested that these features date to the Tertiary. If this was the case, 
then formation would have been during such a period of increased rainfall. However, if  
the Jersey valleys are Tertiary features, then they would have eroded to a locally higher 
base-level, reflecting higher Tertiary sea-levels. There is no evidence of this. The Jersey 
valleys appear to have eroded to a sea-level close to, or below that of present.
This hypothesis is not applicable to Jersey.
4.2.3 Spring Sapping
Small (1962, 1964), Small and Lewin (1965), Lewin (1969a and b), Dunne (1980),
Uchupi and Oldale (1994).
This is another chalk dry valley hypothesis. A major weakness of this hypothesis
remains the mechanism of the watertable elevation and later fall. Furthermore, Uchupi
and Oldale (1994) note that spring sapping produces a valley network that is different
to the topologically random branching network model (Shreve, 1966). As the Jersey
network displays a topologically random pattern this would weaken the strength of this
hypothesis when applied to Jersey.
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4.2.4 Escarpment Retreat 
Small (1961), Small (1964);
For Jersey this hypothesis is broadly applicable as the uplifted Jersey block re­
sembles an escarpment. The principal weakness of this hypothesis remains whether the 
considerable amounts of escarpment retreat have occurred. For Jersey such retreat would 
probably produce a planation surface below the North coast. There is no evidence of 
this, indeed there appears to be a deep ‘trench’ off the northern coast of the Islands (see 
Figure 4.3.2-A below). This weakens the hypothesis to the point that it can not be ap­
plied to Jersey.
4.2.5 Cooler Climates
Reid (1887),Cole (1929), Wooldridge (1929), Sherlock (1929), Bull (1936), Bull 
(1940), Gregory (1971), Richards and Anderson (1978), Cheetham (1980), Younger 
(1989).
Several different interpretations of this hypothesis exist, with varying degrees of 
cooling envisaged. These include hypotheses involving glacial activity (Sherlock, 1929, 
Bull 1936) that can not be applied to Jersey. Flowever during phases of glacial advance, 
a southerly extension of permafrost occurred. The spring melt of large volumes of snow 
together with permafrost melt is hypothesised to have formed the valleys. Similar ap­
plications of this hypothesis have been applied by several workers, including: Reid 
(1887) Richards and Anderson (1978), Cheetham (1980), Younger (1989). This hy­
pothesis is the most feasible considering the problems associated with the other theo­
ries. This is not without problems. However, this remains the most feasible hypothesis 
for the formation of the Jersey valleys and the rest of this study will concentrate upon 
that theory.
4.3 The Formation of the Jersey Misfit Valleys
4.3.1 Introduction
This thesis is an investigation of the nature of the Jersey valleys. It would appear 
that the only reasonable explanation of the formation of the Jersey valleys is that they 
are associated with increased runoff during periglacial climates of the Quaternary cold 
phases. Some details of the form of the valleys will be given in chapter 5, however the 
purpose of this section is to investigate possible origins of the valleys. Having suggested 
above that the most reasonable explanation of the formation of the valleys is that they 
are relic periglacial features, this section will attempt to expand and clarify this hy-
Andrew Wright, PhD Thesis, Roehampton Institute London, June 1997
Page 61
The Palaeohydrology o f Jersey, Chapter 4, Hypothesis Development 
pothesis. Firstly a brief review of other published explanations of the Jersey valleys will
be attempted, then a more detailed hypothesis will be suggested. Finally, details on
fluvial processes in periglacial environments will be given. This section will attempt to
explain how the Jersey valleys could have formed, and give the valleys a geomorphic
context by comparing them to contemporary features.
4.3.2 Review
This section will begin by discussing the misfit valleys of Guernsey, rather than
Jersey. These appear to be quite similar to the Jersey valleys, and it is most probable
that these valleys have an identical origin to the Jersey valleys. Warren (1948) gives a
basic account of the hydrology of Guernsey. Warren notes that:
"It is almost obvious that the valleys and ravines which contribute to the charm o f  
our island scenery must have been eroded by something more potent than the pres- 
ent tinkling waters, often mere trickling runlets. ”
Warren (1948), pp 247
This is a clear reference to the streams of Guernsey also being underfit, proba­
bly the first reference to this in the Channel Islands.
One of the first ‘modern’ pieces of investigative research on the geomorphology 
of the Channel Islands is Dury (1953). (Note that this is the same G. H. Dury who later 
published the classic ‘misfit streams’ papers, Dury, 1964a and b) Together with the 
raised beaches, Dury discusses the ideas of Hanson-Lowe (1938) on long profiles of the 
Jersey valleys. This suggests valley formation during a period of higher sea-levels, as 
the long profiles appear to ‘grade’ to a series of higher sea-levels. Dury notes some of 
the problems with the various approaches: namely the effects of large tidal ranges on 
beaches, and that a break of slope in a long profile may not be present in all catchments. 
Interestingly Dury notes that he prepared a map of submarine topography, and that this 
might be useful for morphometric analysis. However this does not appear to have ever 
been published. Despite all this, Dury does not mention how the valleys might actually 
have formed, only that this might have occurred during a period of higher sea levels. 
Brief research in this study using marine charts shows that these lack sufficient detail to 
be of any real value in morphometric research.
The problems associated with the origin of the Guernsey valleys were noted by 
Girard and Elhai (1964):
"Intelligent people faced with explaining the topography o f  Guernsey fin d  it ex­
tremely difficult to account for the formation o f  the very deep valleys that are 
found everywhere in Guernsey. In the past the explanation that has been fiven is 
that the tiny stream gurgling in the valley bottom has been responsible for the ero­
sion which has carved the valley. Dury has now studied similar phenomena 'and has
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come to the conclusion that the true explanation o f  the formation o f  such deeply 
carved valleys lies with "rates o f rainfall far heavier than are likely to occur widely 
in the same regions today, andt that these falls were experienced before, as well as 
afier, the Wiirm CÏMst) glacial maximum %
Girard and Elhai (1964), pp 607 
This is an interesting, if  possibly erroneous theory. However, more recent re­
search on the Devensian climate of Jersey seems to suggest that mean annual rainfall was 
indeed considerably lower than present day conditions (Keen, 1986c; Kutzbach and 
Wright, 1985). This might imply that valley formation occurred either before or after 
the Devensian precipitation minimum. Note that these studies have concentrated on the 
mean annual precipitation, as opposed to the absolute peak precipitation that could be 
expected in any given event. Additionally, it is likely that changes in the seasonal pat­
tern of precipitation in the Channel Islands occurred during the Devensian in compari­
son to modern climates. Additionally, in the case of a periglacial runoff regime abso­
lute amount of precipitation does not appear to be the key determinant of stream dis­
charges. Given that the greatest discharges are associated with the spring snow melt 
flood (Church, 1974; Woo and Steer, 1986; Gibson et al, 1993), the amount of snow 
storage over winter is of more importance. Similarly, the rate of temperate increase 
during the spring is also of great importance, as this influences the amount and rate of 
snow melt. This then affects the rate of increase in stream discharge.
The Guernsey valleys are also discussed by George (1972). Solifluction mate­
rial or head is also present within the valleys, and this is said to infill the valleys, a 
situation similar to Jersey. This material is suggested to have been "planated by running 
water, possibly during the Post-Glacial climatic warming... These [valleys] are not marine 
eroded features, but are o f  a totally subaerial origin.” (George, 1972, pp 163). This is 
clear support for a fluvial origin to the Jersey misfit valleys. Additionally, George 
notes that; "The evolution o f the Guernsey landscape is a natural reflection o f  Quaternary 
variations in climate and sea level. ” (pp 167).
Renouf and Urry (1986) provide indirect support for the development of the 
Jersey misfit valleys during Quaternary glaciations. They note that Sinel (1916) con­
ducted a study of sea floor topography in the region surrounding the Channel Islands. 
Sinel indicated extensive subaerial features on the current sea floor, including the pres­
ence of valleys. A similar map of submarine topography is shown in Figure 4.3.2-A. 
This clearly shows the presence of valley like areas of deeper water to the north of die 
island. Extension of these submerged ‘valleys’ eastward shows that they would appear 
to be extensions of the major drainage routes of the Armorica peninsula. Renouf and
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Figure 4.3.2-A: The submarine topography o f the region surrounding Jersey (Based on Admiralty
Chart)
Urry imply that such features would have a periglacial origin by suggesting that the re­
gion would have been:
Exposed to more than 10000 years o f weathering, erosion and deposition during 
the Weichselian glacial alone. Given that the Channel floor was probably laid bare 
at least three to four times in the later Pleistocene, it is not surprising that the sea 
floor on exposure would reveal a mature landscape o f valley, plain and hill. A t such 
times the islands would have been prominent, dissected, plateau-like summits rising 
above lowland plains”
Renouf and Urry (1986), pp 14 
It is interesting to note that Renouf and Urry suggest that the "plateau-like sum­
mits would have been dissected by a valley network. I f  this interpretation is assumed 
to be correct, this would suggest that the stream network(s) were already present during 
the Devensian / Weichselian cold period (henceforth referred to by the British stage 
name). This is not unreasonable. It is certainly feasible that the valley networks were 
active during cold periods prior to the Devensian. However, the final phase o f activity 
occurred during the Devensian resulting in the present form of the valleys.
A similar suggestion on the origins of the Jersey valleys is given by Lautridou et 
al (1986) for the French mainland. They note that during the Pliocene tectonic move­
ment occurred in the Armorica region, and this resulted in "a marine regression and val­
ley incision, features which were continued into the Quaternary. The concept o f  a stable 
Armorica during the (Quaternary is now subject to revision... "(pp 13). This would suggest
valley formation started during the Tertiary. This view does seem to be specific to the
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French mainland. However, it is possible that this also applies to Jersey as part of the
Armorican geological province. Again;- the start of valley formation is not as important 
as the end, with the final morphology hypothesed to be a result of Devensian activity.
Maarleveld (1976) outlines the possible formation of a series of dry valleys on 
“ice-pushed ridges”. Dating of the activity of these valleys is during the Wurm 
(Devensian) glaciation. Formation was suggested to be by snow melt runoff over con­
tinuous permafrost. If such a mechanism operates in the Netherlands, then it would not 
be too unreasonable to suggest that it would also operate in Jersey.
4.3.3 Suggested Mechanisms
It appears that the climate of Jersey during the Devensian was very cold, but 
also very dry. Typically this is described as a ‘polar desert’ (Keen, 1986c). Does this 
mean that there was insufficient water to erode the valleys? Probably not, the region was 
covered in permafrost, which meant that a much higher proportion of available moisture 
actually formed stream runoff. More details of this are given in section 8.8.2 which at­
tempts to estimate possible runoff values from palaeo precipitation values.
The permafrost should not be regarded as a completely impermeable ‘concrete’ 
layer. It is probable that during the summer there was some degree of permafrost melt. 
However, even when the upper layers of the permafrost thawed, lower in the soil layer 
the ground would have remained frozen. This would prevent any water from infiltrating 
into bedrock. Hence there would be throughflow in the upper, active layer of the perma­
frost. This means that any precipitation after active layer thaw had begun would reach 
the stream eventually.
However, this simple model of a completely impermeable permafrost is over- 
simplistic. Mackay (1983) indicates that permafrost hydrology is a very complex sub­
ject. It appears that after permafrost thaw has begun, water can infiltrate into the perma­
frost. It is possible for liquid water to migrate into the still frozen parts of the active 
layer. This means that even if  a summer storm produces a large amount o f precipita­
tion, not all of this will form runoff. Furthermore, before the spring thaw begins, 
Mackay suggests that large cracks can form in the regolith. These allow the percolation 
of the early spring meltwater into the permafrost. From this it can be seen that perma­
frost hydrology is rather complex. For this study this is interpreted as meaning that a 
portion of any summer precipitation will be lost to infiltration. The impact of these 
processes on spring snow melt is uncertain, but clearly need investigating. Permafrost 
hydrology is discussed in greater depth in section 4.4 below.
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Likewise, valley formation is not quite as simple as suggested above. After the
snow melt flood, the permafrost gradually thaws. This releases more discharge into the 
streams. However, this is not enough to compensate for the decline in snowmelt runoff. 
Hence discharge will gradually decline. However, occasional summer storm events 
may increase discharge. During the permafrost melt, there is increased slope activity. 
So whilst the stream erosion deepens the valley, slope processes widen the valley. Mate­
rial from the valley sides may be transported away by the stream. However, this may 
not happen. As snow melt discharge declines, so the stream channels may fill with slope 
material. This material would be swiftly removed the following spring, at which point 
the whole cycle would begin again, with the valley being deepened.
Renouf and Urry (1986, quoted above) suggest that the Jersey valleys were al­
ready present during the Devensian cold period. This would seem to considerably 
complicate this study. If the Jersey valleys were active prior to the Devensian, how is it 
possible to suggest a single date for the formation of the valleys? The simple answer to 
this is that the definite suggestion of a single period of formation is not possible. It is 
entirely possible that the valleys would have been actively forming during pre- 
Devensian glaciations. However, the Devensian represents the final phase of valley activ­
ity. Hence the current form of the Jersey valleys is the result of fluvial activity during 
the Devensian.
Hence it is possible that whilst the origins of the Jersey valleys pre-date the De­
vensian cold period, the present form of the valleys, their final form, is a result of proc­
esses that occurred during the Devensian cold period. I t is likely that valley formation 
was through a combination of spring snowmelt floods, permafrost active layer melt and 
slope processes, slush flows and prolonged summer runoff. I t seems likely that at the 
peak of cold conditions during the Devensian, conditions on Jersey were too dry to 
produce sufficient melt water to allow erosion. Additionally, the ‘dry polar desert 
climate’ would seem to suggest that precipitation was very low. So it seems more 
likely that valley formation occurred in two phases, before and after the most cold pe­
riod, when conditions were slightly wetter and warmer. This is similar to the model 
for the Netherlands suggested by Vandenberghe (1993) (see section 2.4.5) that valley 
formation most likely occurred prior to the coldest phase of the Devensian, when con­
ditions were warmer and wetter.
The mode of valley formation could have been spring snow melt floods, with 
un thawed permafrost preventing infiltration. Later, when the permafrost began to melt,
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the still high stream discharges would have widened and deepened the valleys, assisted
by slope movements caused by melting permafrost. It is certainly possible that valley
activity continued after the end of the Devensian, with the final phase of activity being
associated with the melt o f the permafrost. Without large amounts of snow melt, any
permafrost slope movements would tend to result in an accumulation of sediment in the
valley floors, and this would possibly explain the flat valley floors in the lower sections
of the valleys?
So, the structure of the valley network, and to a large extent valley form, might 
be the product of activity prior to the Devensian maximum. During the glacial maxi­
mum, or period of maximum coldness, there was a reduction in valley activity, due to 
the decreased precipitation. Following the Devensian maximum, the increased tem­
peratures lead to an increase in valley activity. The subsequent melt of the permafrost 
also allowed for valley modification. However, it should be stressed, that this was 
modification of valley form. The actual form of the valleys was due to processes occur­
ring prior to the Devensian maximum, with modification occurring after deglaciation. 
This model is very similar to that suggested by Vandenberghe (1993) for the Nether­
lands. Given the relative proximity of Jersey to the Netherlands, this model can be 
used as a basic framework. Whilst the specifics may not be directly applicable, the 
general patterns of change may well be. Additionally, some evidence for an extremely 
dry Jersey Devensian may be gathered from Keen (1986c).
Because the micro-climate of the two valley sides varies, depending on aspect, 
this might result in valley asymmetry, as discussed in chapter 6. As the streams erode it 
is possible that they will seek to form the most energy efficient network configuration 
possible (Rodn'guez-lturbe, et al, 1992a and b). In the absence of geological controls 
this will be a fractal configuration, with the exact value of the fractal dimension D be­
ing dependent on local conditions. Alternatively, the network topology may develop in 
a completely random manner (Shreve, 1966 and 1967). These possibilities will be dis­
cussed in chapter 7.
Permafrost thaw can not begin until after any snow melt has occurred. I t  is sug­
gested, therefore, that the majority of precipitation during any given year would be 
during the winter as snow. This snow would then remain frozen, and stored until the fol­
lowing spring. During the spring temperatures would increase and the snow would begin 
to melt. The greater proportion of the melt would, clearly, be during the day, and any 
melt may re-freeze during the night. The key melt period would be related to a sudden
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increase in local temperatures, related to a meteorological event, not a climateological
one, typically a sudden warm phase during the spring. This would cause a sudden and 
rapid snow melt, and any snow melt would be channelled into the streams, as the pres­
ence of a solid permafrost would prevent any infiltration. The snow melt would have 
occurred before the thawing of the permafrost could begin, the increase in temperature 
and hence amount of snow melt need not take place over a particularly short time pe­
riod. Given the volume of snow that would collect over a winter even a slow melt out 
could lead to a massive increase in stream discharge. This is hypothesised to form the 
valleys, a massive spring snow melt flood. Whether such events are possible are dis­
cussed in the next section, an extensive review of perniafrost hydrology.
4.4 Fluvial Processes in Periglacial Environments
4.4.1 Introduction
The Jersey misfit valleys are hypothesised to be relict periglacial snowmelt 
features, as suggested in section 4.3.3 above. Hence it is necessary to discuss in some 
detail the nature of the ‘periglacial’ climatic zone and the behaviour of streams in this 
region. Not only will this provide an insight into the geomorphology of the periglacial 
region, and the processes thought to have formed the Jersey valleys, but it will place the 
formation of the Jersey valleys within their academic context, as (relic) periglacial fea­
tures. Aside from the academic interest in fluvial processes in permafrost catchments, 
Carlson (1974), in a brief yet detailed review, discusses several other reasons for con­
ducting such research. These include problems of flood relief, location o f river cross­
ings and the need to know more about water movement in frozen soils.
4.4.2 Definitions
The periglacial zone was first defined by Walery von Lozinski in 1909 (French, 
1981). The original use of the term, as used by Lozinski, was as a spatial description of 
the zone adjacent to the late Quaternary ice sheet of the Carpathian Mountains 
(Warburton, 1992). Warburton describes the original definition as “a palaeo temporal /  
spatial concept based on the existence o f  frost weathered detritus. ” (Warburton, 1992, pp 
33) and as such could only be applied to a limited zone close to ice sheets, what is cur­
rently referred to as the y;ro-glacial zone. However, the term has since been applied with 
less precision to cover a whole climatic zone. Classification of a large suite of lahd- 
forms as ‘periglacial’ further confuses matters, especially given the problems of finding 
a concise definition of and limits to this region.
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As Warburton suggests, there is an obvious need for a resolution of this topic.
However, until new more suitable, and widely agreed upon terminology is available,
this study will continue to refer to cold climate geomorphic processes as ‘periglacial.’
Again, the problems inherent in the usage of this term are noted. This study will use
‘periglacial’ in the broadest sense: to describe the zone of cold climate processes where
snow, ice and frost are significant. These issues are also discussed in some detail by
Dingman (1973).
The presence of permafrost is often used to delim it the periglacial zone. How­
ever, this replaces one problematic definition with another, namely the definition of 
‘permafrost.’ Muller (1947) provided the first such definition as:
“A thickness o f soil or other surficial deposit or even o f bedrock, at a variable depth 
beneath the surface o f the earth in which a temperature below freezing has existed 
continuously for a long time (from two to tens o f thousands o f years). ”
Muller (1947, pp 219)
This type of definition is repeated by Brown (1974) who defines permafrost as 
a "thermal condition o f earth materials... when their temperature remains below O^C con­
tinuously for more than one year.” (fsvown (1974, pp 1). The minimum duration of per­
mafrost occurs when ground freezes one winter, and remains frozen for the following 
summer and into the next winter. Brown (1974) also provides some further definitions 
of permafrost phenomena: Discontinuous permafrost occurs where patches of unfrozen 
ground exist near to the permafrost, whereas a region where permafrost cover is unbro­
ken is described as continuous permafrost. Mean annual temperature necessary to main­
tain continuous permafrost is about -5°C at its southern most lim it (northern hemi­
sphere) to -15°C towards in the extreme north. The absolute southern lim it for perma­
frost is the -1°C mean annual air isotherm. Relief also has an influence, with north fac­
ing slopes (northern hemisphere) having shallower active layers.
A more graphical, map-based depiction of the distribution of permafrost in 
North-America is given by Church (1974). Church also produces a tentative classifica­
tion scheme for high latitude streams:
• Subarctic, nival Characterised by a large spring melt out flood (called the spring 
freshet) following a dry winter. There is then a period of low summer discharge 
levels, with the exception of occasional storm events.
• Arctic, nival: These are in the zone of continuous permafrost, again there is a large 
melt out flood, typically the largest event of the year. This is followed by occa­
sional small floods in response to small precipitation events. Very small’ catch-
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ments may have large floods in response to precipitation.
• Proglacial: Streams where drainage is derived directly from glaciers.
• Ivluskeg. These occur in regions of water retaining vegetation, this leads to poor 
drainage with an attenuated flow regime.
This type of classification has been extended by Priesnitz (1990):
1. Spring streams where activity early in the melt season is of most importance. These 
are typically small and medium sized rivers.
2. Mountain streams with a later discharge peak caused by melting snow and ice at 
different altitudes.
3. Tundra and high Arctic streams with a sharp runoff peak of 2-6 weeks, followed by 
uniform summer base flow.
4. Proglacial systems, with spring snow melt, and then discharge sustained by glacier 
meltwater.
5. Allochthonous streams maintained by non-Arctic runoff and
6. Complex systems with a mixture of the above.
This review will focus on stream types 1 and 3, as these regimes are thought to 
be closest analogues to the streams that eroded the Jersey valleys. Detailed recent re­
views of permafrost and periglacial hydrology are provided by Woo (1986) and Pries­
nitz (1990). Readers requiring more detailed information of this subject are referred to 
these articles.
4.4.3 Early Research
This section will give a historical and academic context to the development of 
research on periglacial environments and processes. Early European periglacial research 
focused mainly on frost activity and relic Quaternary features. Later research began to 
focus on the contemporary Arctic. Such work includes Eardley (1939), who studied 
bank erosion on the Yukon River in a region of permafrost, concluding that melting of 
the permafrost was necessary before erosion could take place. Research was hampered 
for many years by the nature of the periglacial environment; its inaccessibility, inhospi­
tality, cost, and the apparent lack of any major applications for knowledge of such envi­
ronments to drive scientific enquiry (Slaughter and Helmers, 1974).
Hopkins (1955) provides an introduction to the permafrost features of 
Alaska. A regional zonation of the whole of Alaska is provided, classifying it into no 
permafrost, discontinuous and continuous permafrost. This paper probably introduced 
the theme of permafrost into modern geomorphic research, but it was not until the
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1960’s that detailed research into geomorphic processes in the contemporary
periglacial zone began (Woo, 1983).-This lack of empirical research lead Carlson et al 
(1972, and 1973) to suggest that modelling of snow melt might be a appropriate 
methodology to predict stream discharge. Unfortunately this approach did not produce 
the accurate predictions hoped for. Following this, there was an expansion of catchment 
based research. This includes Dingman (1966 and 1971) on the Glenn Creeks drainage 
basin in central Alaska. Additionally Cook conducted considerable research on Corn­
wallis Island in the Canadian North West Territory (NWT), with his final article pub­
lished posthumously as Cook (1967). Czeppe (1965) focused on snow melt in 
Spitsbergen, whilst Brown et al (1968) studied the hydrology of a small drained lake 
basin in the continuous permafrost zone of Alaska between 1963-6.
Considerable research was conducted in the former Soviet Union, mostly pub­
lished in Russian. The majority of North American research was concentrated on sur­
prisingly few river systems, considering the area of the north American Arctic. These 
include the Colville River, which flows North off the Alaskan coastal plain into the 
Arctic ocean (Walker and Arnborg, 1983), Glen Creek, and the Caribou-Poker Creeks 
Research Watershed (Slaughter and Lotspeich, 1977) in central Alaska, and various is­
lands of the Canadian North West Territory (Woo, 1983). Dingman (1971) notes that 
the u s e s  began gauging in Alaska in 1946. By 1970 a network of 117 regular gauges, 
and 176 meteorological stations was established. This equates to one station per 2200 
square miles.
4.4.4 Permafrost
Several definitions of permafrost exist, typically involving the amount of visi­
ble ground ice. Dingman (1975) notes that soil will freeze when temperature drops be­
low 0°C, regardless of water content. He defines permafrost as a soil that remains fro­
zen for two or more years and suggests four levels of ground icing exist, ranging from 
needle ice to concrete frost, and provides maps of the spatial distribution of these.
Within a catchment the distribution of permafrost partly reflects snow cover, 
although relic permafrost is possible. North-facing slopes and other areas shaded from 
direct insolation tend to have more extensive and deeper permafrost.
4.4.5 Climatic Influences
There are numerous differences between periglacial and temperate hydrology 
and these may be ascribed to the effects of climate and the presence of permafrost, as 
discussed below:
Andrew Wright, PhD Thesis, Roehampton Institute London, June 1997
Page 71
The Palaeohydrology o f Jersey, Chapter 4, Hypothesis Development 
Woo and Steer (1986) produced an informal classification of the hydrological
regime of permafrost catchments into, three seasons: Winter is a period of virtual inac­
tivity, snow accumulation, and frozen ground. In spring increases in temperature lead to 
snow melt, and runoff generation. However, the frozen ground prevents infiltration and 
so surface flow is predominant. In summer snow melt and therefore runoff declines, as 
the volume of snow decreases. Woo and Steer suggest that rainfall is not significant, 
however major events can occur. Priesnitz (1990) breaks activity down into three phases. 
These are:
i. Maximum runoff but insignificant sediment transport in ice lined river beds 
with frozen sediment.
ii. Declining discharge but maximum sediment transport, with thermoerosion 
being the main controlling process.
iii. Finally a transition to low summer runoff but with large very important 
secondary floods.
Most Arctic rivers are inactive for the majority of the year. Arnborg et ai 
(1966, 1967) note that Colville River, Alaska, is frozen from September to late May 
or early June. This is typical of Arctic catchments, and is followed by a dramatic pe­
riod of thaw, termed ‘melt out’ or ‘break-out’. This occurs when the volume of snow 
melt increases to such a point that it creates a major flood. This melt-out flood has a 
duration ranging from hours to days, and typically results in the majority of geomor­
phic activity in Arctic rivers. The timing of the melt-out flood varies depending on the 
location, but can be related to sudden climatic warming (Drage et at, 1983). Following 
melt out, river discharge declines though the summer, but may be sustained by occa­
sional precipitation events. By late summer, temperatures are too low to continue to 
supply meltwater and typically most streams freeze up in late summer.
4.4.6 Snow Melt
Snow melt is an issue of great complexity (Dunne and Black, 1971; Wilkinson 
and Bunting, 1975). Spatial variability is determined by variation in radiation re­
ceipts, local relief, snow characteristics, and the movement of water within the snow 
pack (Cook, 1967; Woo, 1983). I t  is possible for water from snow melt to travel 
downslope from one snow patch, only to be re-absorbed and stored in another patch. 
Cook (1967) and Church (1972) suggest that melting of snow patches by radiation is 
possible when air temperatures are below 0°C.
Meltwater will travel downslope to the bottom of the snow pack or to the bot-
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tom of a snow filled channel where it re-freezes. Once snow patches become saturated
melt water channels begin to form through them. After channels form, short term fore­
casting of run-off volumes becomes possible (Colbeck, 1977). Colbeck points to the 
complexities of snow patches. Snow ‘ages’ when left in situ, leading to stratification 
and density changes. These will modify permeability and behaviour of the snow patch.
In the Caribou-Poker catchment, Haugen et al (1982) suggest that early snow 
melt water will travel to the base of the snow pack and then infiltrate into the underly­
ing organic mat. This reduces the amount of water available for runoff early in the melt 
period, making overland flow rare in such catchments. This also applies to those areas 
of the Caribou-Poker catchment that lack permafrost where infiltration rates into the 
soil are high.
Following melt-out, river discharge declines as the volume of snow melt de­
creases. Melting of the permafrost active layer can supply sufficient water to maintain 
runoff in certain catchments. Catchments typically re-freeze between late August to 
September. River ice may form, depending on whether liquid water is still present in 
the channel.
Source Date o f  
Research
Location Timing o f  Melt- 
out
Timing o f  
Freeze-Up
Arnborg et al. 1962 Colville River, Alaska May 25 circa 20 Octo­
1966, 1967 ber
Woo et al, 1983 1976-1981 McMaster, near Resolute late June early September
N W T
Drage et al, 1983 1983 N orth Slope Coastal end o f  May or September to
Plain, Alaska early June October
McCann and Co- 1972 Janson’s Cheek, Devon 26 June (1970) Thought to be
gley, 1972 Island NW T 16 August
Cogley and 1975 Mecham River, Near June to early July N ot stated
McCann, 1976 Resolute NW T
Birnie and 1976 South Shetlands, Antarc­ late December late February
Gordon, 1980 tica (Southern H em i­ (Southern
sphere) Hemisphere)
Haugen et al, 1982 1982 Caribou-Poker, Alaska Later May late Summer
Cook, 1967 1967 Mecham River, Near Early June Mid September
Resolute N W T
Woo and Heron, 1986 James Bay Lowland, Ca­ A pril N ot stated
1987 nadian Subarctic
Table 4.4.6-A: Timing o f melt out events in various studies 
Woo and Sauriol (1980) study systems where that the majority of stream runoff 
occurs when valleys are still snow choked. They outline how meltwater prior to break­
out travels through, under and over the snow pack, until the whole snow pack is satu­
rated, producing ‘slushy’ stream flow. Ponding behind snow drifts is possible, when 
these dams fail, large volumes of water are released, these processes lead to the disinte­
gration of the snow pack. Woo and Heron (1986) take this further, focusing on the ef-
Andrew Wright, PhD Thesis, Roehampton Institute London, June 1997
Page 73
The Palaeohydrology o f Jersey, Chapter 4, Hypothesis Development 
fects of snow and ice in the channel of lowland streams in the Canadian subarctic. They
note that prior to meltout river channels will be choked with snow and ice. When this 
snow begins to melt, break-up begins. However meltwater is commonly impounded 
behind snow dams. This can lead to overland or over bank flows as the rivers flood. 
They note that there is little information on the break-up of small streams in the per­
mafrost free subarctic, but suggest that snow dams are an important influence on the hy­
drology of this region.
Wilkinson and Bunting (1975) note that, during spring melt, snow patches can 
act as a complex type of sediment store. The patches retain material eroded from 
higher ground early in the melt season. This is then re-released later in the melt season. 
Wilkinson and Bunting also stress the importance of rills in routing meltwater, as op­
posed to overland flow. Wilkinson and Bunting illustrate the complexity of the rill 
flow, with different rills displaying differing sediment loads through the melt season.
Kane e t focus upon a small catchment near Toolik Lake, in the North 
Brooks Range, Alaska. They find that some 28-40% of the annual precipitation occurs 
during the winter months. This is all stored in the snow pack over the winter, typically 
in hollows and depressions, which form part of the drainage system and are termed wa­
ter tracks. Kane et al conclude that three factors determine the quantity o f snowmelt 
runoff; water content and distribution of the snowpack, type and physical state of the 
active layer, and meteorological conditions at the time of ablation. The onset of abla­
tion is controlled by airflow direction, not just insolation, a sudden shift to the south 
starts snow melt.
Drage et al (1983), working on the rivers of the northern coastal plain of Alaska, 
describe a hydrological regime that is probably globally unique. The onset of snow 
melting is climatically controlled, with a ‘melting front’ formed. As temperatures 
increase this melting front advances northwards, down stream. This can result in the 
lower reaches of a river being frozen whilst meltwater is supplied from the upper 
catchment. This leads to an extremely complex summer hydrology.
These all point to the complexities involved in snow melt. However, Gibson et 
al (1993) suggest that in the boreal wetlands of Northern Canada the permafrost may 
be a more significant source of water than snow melt. A t peak flow Gibson et al esti­
mate that only some 40-50% of runoff was from snow melt, whilst over the whole 
spring snow period this was reduced to 25-30%. Gibson et al also examine flow paths, 
finding that early in the melt season, there is a rapid rise in the watertable (related to
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thawing?) which results in overland flow via rills and pipe flow. Again this points to the
complexities of hydrology in periglacial regions.
A t a diurnal scale stream hydrographs display a pronounced diurnal variation 
(Woo, 1976), similar to that observed in glacial meltwater systems (Gurnell, 1987; 
Gurnell and Fenn, 1984; Gurnell et at, 1992). There is a variable lag between peak dis­
charge and maximum radiation, largely dependent on local conditions. McCann and 
Cogley (1972) report a 4-5 hour lag, or 2.2 hours/km^. Dingman (1966), reports lag 
values of 6.6 to 10 hours/km^ for the Glen Creeks catchment.
In addition to the more dramatic effects of sudden snow melt, Caine (1995) 
notes a series of indirect influences of snow on geomorphic processes. These can be d i­
vided into two categories. Firstly the presence of snow leads to a dramatic change in 
the surface of a region. For example, the presence of snow can lead to a reduction in sur­
face roughness. This may allow for increased distances of sediment movement under 
the influence of gravity. Snow can also modify the flow path of runoff, leading to d i­
version from stream channels. Secondly, snow influences the soil below it. Principally, 
when a snow pack is present, it acts to protect the soil beneath. This modifies sediment 
sources and availability within catchments.
4.4.7 Precipitation Events
Occasional precipitation events can have a large geomorphic impact. The satu­
rated active layer produces rapid run-off (McCann and Cogley, 1972; Church, 1972; 
Cogley and McCann, 1975, 1976; Rydén, 1980; Slaughter et at, 1983; Lewkowicz, 
1983; Walker and Morgan, 1964), although Dingman (1971) notes that the response of 
Glen Creek, Alaska, is slower when the basin is very dry. Additionally Glen Creek has 
a very slow recession, when compared to similarly sized temperate catchments. Dis­
charge following exceptional precipitation events can rival that of the melt-out flood 
(Cogley and McCann, 1975). Indeed, a flood at Fairbanks, Alaska in August 1967 is 
credited as a motivation for Arctic research (Haugen al, 1982), Cogley and McCann
(1975) note that the Resolute weather station records August as the wettest month. They 
also note that exposed weather stations consistently underestimate the amount of pre­
cipitation produced by snow. Hence the amount of precipitation received by many Arc­
tic weather stations is subject to some uncertainly.
Everett and Ostendorf (1988) study Imnavait Creek, northern Alaska. After die 
1985 melt out flood, there were three significant storm events. Direct precipitation 
into the channel accounted for less than 1% of total runoff, and overland flow 30%. The
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remaining source was "near surface interflow and water-track discharge.” (fp  574). Pre­
cipitation was the major source of chemical inputs to the basin during such events.
Furthermore, the low temperatures of the permafrost zone produce évapotranspi­
ration rates much lower than in temperate environments (Onesti and Walti, 1983). This 
results in a very high proportion of precipitation forming runoff. Onesti and Walti 
(1983) suggest this is of the order 98 to 99.5% of received precipitation. In a catch­
ment based study in northern Canada, Anderson (1974) quotes a value of 85%, and sug­
gests the reason for these very low levels of évapotranspiration, as due to a lack of vascu­
lar plants which transpire a great deal of surface moisture.
4.4.8 Permafrost Catchment Hydrology
Permafrost catchments appear to operate in a manner broadly similar to tem­
perate catchments. However important differences do occur. Possibly the most impor­
tant influence of permafrost on catchment hydrology is the impact on infiltration. Early 
studies tended to regard permafrost as an impermeable layer that totally blocked all 
infiltration. More recent research shows that matters are rather more complex than this. 
During winter, when a concrete permafrost is present at the surface, there is seldom suf­
ficient moisture present to form runoff. During the early phases of snow melt perma­
frost will prevent infiltration. However at this point channel forming processes within 
the snow pack are far more important in controlling runoff.
Rydén (1980) notes that the upper 1 to 2 cm thaws almost immediately. Melt­
ing of the permafrost is not uniform across a catchment, with local relief, radiation re­
ceipts and soil characteristics influencing melting (Woo and Steer, 1983). Early re­
search tended to ignore this effect and suggested that complete (“pseudo-Hortonian”) 
overland flow would occur over the surface of the permafrost. Dingman (1971) refines 
this, suggesting that the rising limb of the hydrograph is maintained by overland flow 
from saturated ground on the valley floor. Furthermore, as the upper layers of the per­
mafrost melt, saturation overland flow occurs. The regolith is saturated both from the 
melting of the permafrost and the snow thaw. Woo (1976) suggests that the more rapid 
snow melt will lead to saturation of the shallow active layer early in the melt season, 
giving sheet wash. Where this sheet wash is concentrated, rills will form. I t  is at this 
point that the majority of geomorphic activity occurs, with the main river eroding and 
mass movement of the active layer. Later in the melt season, throughflow within the or­
ganic mat will sustain river discharge.
The exact balance between surface or overland flow and throughflow within the
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active layer is difficult to quantify. This is due to the spatial variation of snow patches,
the major source of water, active layer depths, and permeability. (Lewkowicz and 
French, 1982a). Deeper active layers will increase infiltration, producing less ‘flashy’ 
hydrographs (Wright, 1983). Once liquid water is present in a frozen soil, Wright sug­
gests that this will increase rates of melting. Woo and Steer (1982) suggest that surface 
flow occurs when ground saturation leads to the supra permafrost watertable reaching 
the surface. This commonly occurs during the spring thaw, but as snow volumes decline, 
the amount of overland flow also decreases, and subsurface flow becomes more impor­
tant.
Furthermore a deeper active layer on the interfluves will lead to disagreement 
between the location of the topographic watershed, and the actual subsurface watershed, 
determined by the location of the active layer. This will alter the area of a watershed, 
complicating any analyses that utilise basin area. However, permafrost areas will tend 
to produce saturation overland flow, which can produce flashy responses to precipita­
tion.
After the main snow melt, melting of the permafrost may supply more meltwa­
ter than snow patches (Ballantyne, 1978). Melting of the active layer, together with 
melt water from snow patches can have a major impact on Arctic landforms as this 
leads to regolith saturation, increasing the potential for solifluction.
The presence of ice within the soil has a complex effect on the transmission of 
water through that soil. Price (1983) notes that the depth of the super-permafrost wa­
tertable influences the rate of freezing. When surface water is present, circulation of wa­
ter occurs, slowing the on-set of freezing, at the surface, whilst cooling the lower layers. 
Conversely where little circulation occurs, the upper layers freeze rapidly, insulating the 
deeper soil. During soil freezing experimental work suggests that ice can ‘attract’ liq­
uid water, drawing water through the soil (Oliphant et al, 1983).
Melting of ground ice, and its effects on infiltration are discussed by Woo et al 
(1994). In the alpine catchment studied in China, ground ice results from freezing of 
melt water in late winter. When snow thaws in spring, the ground ice prevents infiltra­
tion, and ‘surface’ runoff occurs. This appears to be a combination of overland flow, and 
subsurface runoff in the upper horizons of the soil, above the ice horizon. In late summer 
the ground ice thaws sufficiently to allow infiltration. This, together with the coarse 
nature of the sediments in this catchment means that in the upper, steeper reaches of the 
catchment, there can be considerable amounts of infiltration. This prevents overland
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flow, and leads to the upper reaches of the stream being abandoned. Flow occurs
through the coarse sediment, and re-surfaces in the lower reaches of the catchment.
4.4.9 Differences Between Permafrost and Non-Permafrost Catchments
That permafrost catchments are different to similarly sized temperate catch­
ments was probably first noted by Dingman (1966). However, the Glenn Creeks catch­
ment studied by Dingman is rather unusual among periglacial catchments. Here a thick 
covering of moss leads to hydrographs which are very attenuated, with long lag times, 
low peak discharges and slow recessions. Since 1966 numerous papers note the differ­
ences between catchments with and without permafrost even within the Arctic 
(Slaughter and Helmers, 1974; Haugen et al, 1982; Chacho and Bredthauer, 1983; 
Slaughter et al, 1983). Contrasting with Dingman (1966), permafrost catchments are 
described as being ‘flashy’ with more rapid and larger responses to precipitation than 
permafrost free catchments. This is a result of the reduced infiltration and increased 
overland flow which reduces lag times. Additionally, permafrost catchments tend to 
have higher drainage densities than non-permafrost catchments but give lower suspended 
sediment loads (Slaughter and Helmers, 1974, Slaughter et al, 1983). The presence or 
absence of permafrost below the actual stream channel is a matter of some uncertainly, 
party because of the clear difficulties in quantifying observations. (Scott, 1978)
4.4.10 River Icing
The presence of ice in river channels complicates the already confused state of 
periglacial fluvial geomorphology. Several kinds of river ice occur (Mackay and 
Loken, 1974). Freezing of poorly drained ground near to river channels can lead to the 
formation of river ice. Additionally, as water temperatures approach 0°C, small parti­
cles of frazil ice form. These collect in quiet water areas and accumulate to form frazil 
slush patches. A prolonged temperature decrease will lead to freezing of this slush into 
continuous surface ice. Anchor ice may form along the bed in reaches where supercooled 
water occurs (that is liquid water with a temperature below 0°C).
Aufeis is a blanket term applied to rivers for ice that forms over existing ice 
(Slaughter, 1982). Aufeis form when flow below surface ice is constricted. This in­
creases pressure, and may lead cracking of the surface ice. This may allow water to 
break through the ice and flow above the ice. The ice then freezes to the bed, becoming 
the aufeis (Carlson, 1979). This prevents contact between the stream and the bed. Aufeis 
are suggested grow to become up to 20 feet (6 m) deep, several hundred feet (60 m 
plus) wide and several kilometres long. Carlson notes, that in Alaska, they may cover
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whole valley floors. It is possible for water to flow between the aufeis and the bed, if
the volume of water is sufficient large amounts of erosion are possible (Carlson, 1979).
The engineering problems created by river ice are illustrated by Sloan et al
(1976) with specific reference to the Trans-Alaska pipeline. Like Carlson (1979), Sloan
et al find that it is possible for river ice to cover an entire valley floor and to extend for
several miles down valley.
4.4.11 Arctic Fluvial Erosion
The presence of ice in river banks leads to a whole series of bank erosion proc­
esses which are different from those of temperate rivers (Eardley, 1939). Where river 
banks contain ground ice, formation of a thermo-erosion niche occurs, when the river 
under-cuts the bank, but the permafrost prevents immediate slumping (Walker and 
Arnborg, 1983). The niche is gradually enlarged, until a large segment of the bank col­
lapses. This releases large amounts of sediment and leads to the movement of the chan­
nel. Smith (1979) suggests that the combination of bank icing, river ice and break-out 
processes leads to an over-enlarging of Arctic river channels. Smith notes that the mean 
recurrence interval of bankfull flow in Arctic rivers is 16.2 years, in contrast to 1.6 years 
in temperate environments. This issue is subject to how ‘bankfulF is defined, but it 
does appear that Arctic river channels are excessively enlarged.
Chacho and Bredthauer (1983) stress the complexities of permafrost influenced 
watersheds. They note that whilst response to precipitation can be rapid, the large 
amount of infiltration into the active layer leads to a prolonged hydrograph recession. 
It is important to note that the most significant processes of erosion are not the classical 
ideas of sheet wash and bed and bank erosion of streams. Rather there is increasing evi­
dence to suggest that solute transport in the active layer may remove more material as 
dissolved load than either suspended sediment or bedload transport (Lewkowicz and 
French, 1982a and 1982b). Fliigel (1983) notes that periglacial streams in the Oob- 
loyah Valley, north Ellesmere Island, never during the 1978 melt season possessed 
measurable sediment loads. Galles (1980) provides more detail on the Swedish River 
Vasterdalalven. Here 81-87% of total sediment transport is as dissolved load, whilst 
1-2% is bed load. Church (1972) suggests that ice on the bed may protect the bed ma­
terial, preventing entrainment until the ice melts.
Lewkowicz (1983) supports this, noting that solute erosion rather than suspended 
sediment removal by overland flow is more important. In the study area of Banks Is­
land NW T, the formation of ice below snow patches prevents water from contacting
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and eroding the underlying soil. Additionally the presence of ‘mats’ of vegetation pro­
tects the soil from erosion. Lewkowicz suggests that in the high Arctic deserts, the ab­
sence of any vegetation might increase the amount of erosion. River bank erosion does 
supply large amounts of sediment, as would be expected considering the amounts of 
bank erosion recorded. Additionally throughflow in the saturated active layer contrib­
utes a major proportion of sediment (Arnborg et al 1967).
4.4.12 Morphology
The issues of river ice and river morphology are discussed by Church (1977). 
Given the scarcity of gauging stations (Woo, 1983), especially those with long records. 
Church suggests river morphology could be a useful indicator of discharge. This is an 
early form of palaeohydrology, that uses regime theory to estimate discharge, and 
when combined with dendrochronology rates of channel movement across the flood- 
plain can be calculated. Church also provides a classification scheme for different types 
of Arctic channels and notes the importance of the tundra as a store for considerable 
amounts of water.
Arctic streams tend to produce the classic V-shaped river valleys (McCann et al, 
1972). These are commonly asymmetric or have flat bottoms. Rudberg (1993) com­
pares valleys in Scandinavia and Alex Heiberg island in the Arctic. Rudberg argues that 
valley morphology could provide indications of the number of glaciations experienced 
in a valley. Furthermore it is suggested that many valleys have been modified by post­
glacial fluvial activity. The basis of these arguments is the presence of V-shaped cross 
sections within a glacial U-shaped valley. Whilst the hypothesis of post-glacial fluvial 
modification remains feasible, the possibility that the valley morphology is confused 
by differing geologies, and that glacial erosion might produce a V-shaped cross section 
is not discussed.
Dingman (1971) is one of the few papers that includes values for drainage den­
sity in the Arctic, though this is confused by the use of differing map scales (Gardiner 
1975, 1980, 1988; Werritty, 1972). The values quoted are 8.2 km km'^ (1:63360 
maps), 9.3 km km'^ (1:2400) and 4.2 km km'^ (field inspection of air photos). Further 
work on 80 basins in Central Alaska which vary in area from 0.08 to 3,540 km^ give 
drainage density values that range from 2.9 to 15.8 km km'^. Dingman also produced a 
best fit regression equation:
Dd = 5.06 Area'^^  ^ Equation 4.1
Dingman suggests reasons for these low values, including: Low intensity summer
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precipitation (a high proportion of which evaporates), low total precipitation, high in­
filtration into moss, spring snow melt occurring when the ground is frozen reducing ero­
sion. In areas lacking either frozen ground or moss cover, the soils are permeable, in­
creasing infiltration.
Cook (1967, pp 267) notes that “seemingly misfit valleys [are] so common in the 
high arctic. ” This is attributed to increased lateral erosion by streams, enlarging the val­
leys. The use of misfit in this context does seem to be used in the same way as Dury 
(1964a and b), and does not seem to imply a palaeohydrological origin to the valleys.
C C o l
Figure 4.4.12-A: Illustration o f ‘cols’ between St. Peters and St. Law­
rence valleys
One of the more unusual features of the Jersey dry valleys, occurs when two ex­
tensions to the blue-line stream networks meet in their headwaters. This happens when 
the extended network, indicated by the contour crenulations, for two tributaries drain­
ing into separate major valleys are extended back to the same point on the watershed 
between those two valleys. When identified, these features were regarded as an artefact 
of the contour-crenulation method, and little attention was given to them. This is shown 
in Figure 4.4.12-A. However, Birnie and Gordon (1980) in a study in the South Shet­
lands also note the presence of such cols, the only other know example of such fluvial 
features in the literature. This provides further circumstantial evidence that the Jersey 
valleys are the product of fluvial activity under periglacial conditions through the simi­
lar morphologies, with very similar features appearing in two locations, the periglacial 
South Shetlands and Jersey.
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4.4.13 Slush Flows
Barsch f f (1993) discuss another under-researched area, that of slush stream 
processes. These appear to have been first described in the geomorphic literature by 
Washburn and Goldthwait (1958). This brief account notes many of the most important 
facets of these events. Slushflows are the product of a sudden massive release of very 
large quantities of snow and ice into stream channels. Such events are associated with 
rapid thaw during snow melt, and are similar to wet snow avalanches. Slush phenomena 
appear to be fairly frequent events, Barsch et al (1993) suggest annual re-occurrence of 
small events. Slush events have a minor impact on the stream channel, especially when 
compared to the main meltout flood. However, very large slush flows also occur, which 
can have a very major impact on the landscape. Barsch et al estimated flow velocities 
from one event of at least 20 m s'h These ‘slush torrents’ can re-shape channel and erode 
surrounding material. Unfortunately the rarity of such events has resulted in a lack of 
research in this direction, so it is impossible to assess their long-term impact. Washburn 
and Goldthwait (1958) noted that one flow “scattered stones up valley slopes 20 m above 
the bed o f the stream ” and deposited material across a wide area.
Clark and Seppala (1988) notes that most previous research on slush flows has 
been associated with wet snow avalanches on slopes. However valley bottom flows in 
non-alpine regions have been underestimated. They also find a repeated occurrence of 
such flows in the Kilpisjarvi region of the Finnish Lapland. Slush avalanches tend to oc­
cur in first order channels during rapid spring melting. Factors which affect their occur­
rence are: great depth o f snow, the presence of an ice surface below the snow, topo­
graphic features which would facilitate damming of melt water, and rapid snow thaw 
(pp 98). Major slush flows appear to follow warm weather and heavy rain, this saturates 
the snow and destabilises it, giving more of a slump than a flow of water saturated 
snow.
Rapp (1985) suggests that debris flows and slush flows / avalanches are fairly 
common geomorphic phenomena. Rapp focuses on events in Karkevagge in the Swedish 
Lapland, between 1952 and 1980. Return periods of 50-200 years are given for the ma­
jor debris flows, whilst smaller slush flows / avalanches are much more common, with a 
recurrence interval of 5-10 years! Debris flows appear to follow high intensity summer 
and autumn precipitation events. The more common slush avalanches occur during the 
snow melt period, after intense rainfall and are confined to channels and hollows in first 
order catchments. Rapp also includes denudation rates caused by various cold climate
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mass movements in Lapland, this includes catchment area.
Nyberg (1989) provides information on slush flows in the Swedish Lapland, 
where slush flows also occur in areas of gentle relief. Slush flows appear to occur when 
there is a major build-up of water in the snowpack. This weakens snow pack strength, 
which fails to give the slush flow. In the Swedish Lapland flows commonly start in de­
pressions or hollows. Repeated flows can also occur in the same channel. Significant 
amounts of erosion can occur, although this is mainly restricted to small stream chan­
nels on mountain sides.
4.4.14 Planation Surfaces
The periglacial literature provides examples of another of the unusual features 
of Jersey. Three ‘plateau surfaces’ occur at 0, 80 and 120 m OD (see section 2.3). These 
have previously ascribed to marine planation during higher sea-levels (Renouf, 1993, 
Keen, 1993). The presence of similar features is noted by both Birnie and Gordon 
(1980) in the South Shetlands and Rudberg (1993) on Axel Heiberg Island in the Arc­
tic, where they are called the ‘paleic surface’. Unfortunately no possible origins are de­
scribed in either case.
Fried et al (1993) also research the possible formation of such planation surfaces 
or pediments, in the Yukon headwaters of the Richardson Mountains in the extreme 
north-west of Canada, close to the Alaskan border. This region has several pediments. 
Fried suggest that pediments formed under a colder climate than present, when 
denudation processes were more active. Fried et al note that similar terraces are present 
around Alaska, suggesting that these might be Tertiary features. This implies that such 
pediments do form under extremely cold periglacial processes.
Nelson (1989) investigated the altitudal position of cryoplanation surfaces in 
Alaska. Nelson suggested that there is an optimal zone for terrace formation at, or 
close to, the snow line. This would be supportive of formation of these features under 
nival conditions. Nelson suggested that the most favourable location for cryoplanation 
terrace formation would be in mountainous areas with a continental climate.
Given the sparse nature of research on such periglacial planation surfaces in com­
parison to the well accepted marine origin of the Jersey plateau surfaces, it seems rea­
sonable to accept that the Jersey features are most likely Tertiary marine features 
(Renouf, 1977; Bishop and Bison, 1989), and this direction of research will not be taken 
further.
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4.4.15 Other Processes
Fluvial action is not the only significant process operating in Arctic environ­
ments. Czudek and Demek (1970) outline assorted thermokarst processes in Siberia. 
Thermokarst occurs in sub-nival regions in response to either a local or climatic change 
that causes melting of the permafrost, producing features similar to those found in karst 
environments. It is possible that some of the processes discussed by Czudek and Demek 
might account for the formation of the Jersey misfit valleys.
Vandenberghe (1993) suggests a cyclical model of river erosion related to cli­
matic change. As climate declines, vegetation can not respond as rapidly and erosion 
takes place as evaporation is low giving high effective runoff. Erosion reaches a maxi­
mum at peak glaciation, when vegetation is at its lowest. Then as climate improves de­
layed forest expansion leads to low evaporation and high discharge. Vandenberghe also 
provides a suggested chronology for the valleys of the Netherlands (see section 2.4.5). 
The basic sequence behind this is, drop in temperature, reduction in evaporation, lead­
ing to increasing overland flow (precipitation is assumed to be constant), vegetation 
cover continued, increasing soil and bank stability. This increased discharge but kept 
sediment load constant, therefore the river expended energy by eroding. When vegeta­
tion was destroyed soil erosion increased, raising sediment supply, rivers started to ag­
grade, but irregular discharge regime maintained a multi-channel form.
4.4.16 Conclusion
To conclude, a great deal of uncertainty remains about the precise details of 
fluvial activity in the periglacial zone. However it appears that, through a combination 
of meltout floods, slushflows, and increased slope activity, valley formation is possi­
ble. Given that none of the other modes of valley formation (section 4.2) seem applica­
ble to Jersey, it would seem that the periglacial hypothesis remains the most feasible. 
This section has attempted to review and discuss fluvial processes in the periglacial 
zone, and finally suggests a possible hypothesis on the origin of the Jersey misfit valleys 
- that they are the product of periglacial fluvial activity associated with the spring snow 
melt flood.
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5 . M o r p h o m e t r y
5.1 Introduction
Having set out a possible method of formation of the Jersey valleys (chapter 4), 
it is now necessary to examine and analyse the valleys in some detail. This will be ac­
complished over the next three chapters. This chapter will examine the form of the val­
leys from a more ‘traditional’ morphometric standpoint. Chapter 6, will extend this 
analysis, and investigate the interpretation of drainage networks as fractal features. 
Chapter 7 will move from the planimetric investigation to the examination of valley 
cross-sections.
Morphometric approaches will be used as these are the only approaches that 
could realistically applied to these features. As discussed in chapter 3, a range of ap­
proaches are applicable to palaeohydrology. However, not all of these may be applied 
to the Jersey valleys. For example, sedimentological palaeohydrology (Costa, 1983, 
Partridge and Baker, 1987) can be applied to investigate the depositional environment 
of the sediments in question. Unfortunately, this approach can not be readily applied to 
Jersey owing the lack of any exposed fluvial sediments on the Island. Doubtless, sedi­
ments relating to the valley formation exist, however these are most likely to be found 
off-shore, beyond easy reach. Similarly, research into terrace sediments and morphol­
ogy is not feasible, again because of the lack of such features.
As a result of these problems, a morphometric approach is the only remaining 
approach open to this study. Therefore, a comprehensive review of such methodology 
will be conducted prior to the investigation of the Jersey misfit valleys. This will pro­
vide a historical and theoretical context to this study, placing it within the developing 
field of morphometry. ‘
5.2 Background on Drainage Basin Morphometry
5.2.1 Foreword
This study will attempt to estimate the valley forming discharge of the Jersey 
misfit valleys (Duty, 1964). Because of the importance of drainage basin morphometry 
to this study, a review of the development of this subject would be helpful. This review 
will provide an academic and theoretical context to the study, background on the dis­
cipline, explain some of the problems associated with drainage density as an index and
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comment on some of the previous attempts to calculate stream discharge from drainage
basin parameters. Readers requiring further details on morphometry are directed to the 
reviews by Gardiner and Park (1977) and Wharton (1994). This chapter will attempt to 
provide a brief overview of the subject to set the thesis within its academic context as a 
morphometric study.
In the broadest sense, morphometry is the discipline concerned with the 
“measurement of landforms” (Richards, 1990; pp 33). Drainage basin, or fluvial, mor­
phometry specifically concerns drainage basins and related features. The origins of 
drainage basin morphometry can be traced to Robert Horton’s key 1945 paper 
“Erosional development o f  streams and their drainage basins: Hydrophysical approach to 
quantitative morphology”. The importance of this paper lies in its development of mor­
phometry, and also in the widespread introduction of quantitative techniques in geo­
morphology following their introduction by Horton.
Roth et (1989) suggest that the Horton-Strahler approach to morphometry is 
a reductive science, contrasting with the views of Baker (1993) who holds that geo mor­
phology is a more ‘abductive’ science. Such ‘abductive’ science falls somewhere be­
tween the classical reductive and deductive approaches (Klemes, 1983). This is charac­
terised by a “conversation with the Earth,” whereby the geomorphologist attempts to 
use a variety of methods to explain landforms.
5.2.2 Early Origins
Gardiner and Park (1977) provide a historical account of the development of 
drainage basin morphometry. This section will include a brief review of this to allow 
the thesis to be placed within its proper theoretical context. Morphometry was thought 
to have originated with Gravelius’ 1914 proposals on network ordering systems, and 
Neumann’s 1900 suggestion on the hydrological significance of drainage density. I t 
should be noted that there was still earlier work involving drainage basin quantification, 
for example Talyor (1875). This includes what must surely be the first attempts to de­
velop empirical relations between drainage basin properties. Gardiner and Park (1977) 
refer to this, together with the early German work such as Finsterwalder (1890) and 
Penck (1894) whose studies of slopes and area-altitude relationships provided the very 
early beginnings of both morphometry and geomorphology.
Gardiner and Park note that Horton (1945) drew these “early threads o f  enquiry 
together” in combination with Horton’s interest in fluvial soil erosion, this resulted 
in development of morphometry. However the origin of morphometry is still fre-
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quently mis-attributed entirely to Horton (1945). In 1945 Horton cited Gravelius’ 
work on stream ordering, clearly an earlier example. Possibly the enhanced 
‘geomorphic credit’ given to Horton (1945) results from the great impact of the paper. 
This is because it not only introduced the so called ‘laws’ of drainage composition, and 
discussed Horton’s ideas of overland flow, but also brought quantitative methodology 
into geomorphology. The ‘laws,’ often simply referred to as ‘Horton’s Laws,’ are series 
o f log-linear descriptions of how various morphometric properties vary with stream 
order, these include numbers of streams, the length of those streams, and channel slope.
5.2.3 Post Horton Developments
Horton’s ‘laws’ had a major impact on morphometry, with a great deal of time 
being devoted to their analysis, the so-called ‘Hortonian analysis’. The United States 
Geological Survey (USGS) and the ‘Strahler school’ of geomorphology at Columbia 
University formed the foci of this (Strahler, 1992). However it was the 1950s before 
there was a widespread uptake of Horton’s ideas and serious ‘Hortonian analysis’ began; 
that is the analysis of drainage basin morphometry from within the quantitative frame­
work provided by Horton. This typically involved demonstrating that the ‘laws’ ap­
plied to the region being studied. Strahler (1992), in an almost autobiographical paper, 
explains the reason for this delay as being due his need to learn new techniques before 
beginning to test the potential of the ‘laws’.
Gardiner and Park (1977) date the first example of classical ‘Hortonian analy­
sis’ as Ore and White (1958). However, Chorley (1957) conducts a comparison of the 
morphometry of three different areas (Exmoor, Pennsylvania, and Alabama) using the 
‘laws’ as a key tool for this analysis. Unfortunately Chorley’s use of this new quantita­
tive methodology is somewhat weakened by his suggestion that this provides a new ap­
proach to the testing of Davisian principles of landscape evolution. These papers repre­
sent the start of many such examples that viewed Hortonian analysis as an end in itself; 
thinking that by testing sufficient basins, Horton’s ‘laws’ would be shown to be univer­
sal. This lead to classification of basins, those basins agreeing with Horton’s laws were 
termed ‘normal,’ ‘ideal,’ or ‘Hortonian,’ whilst those which did  not conform were de­
partures from this norm, and therefore not geomorphologically ‘correct.’ Examples of 
such research are discussed in the following paragraphs.
During this period Hortonian analysis was not the sole topic pursued in mor­
phometric analysis. Whilst the ‘laws’ were of key importance, several studies researched 
other areas of morphometry. Melton (1958a) analysed the correlation structure of mor-
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phometric parameters, finding weak correlations, suggesting that many parameters are
interrelated. Gardiner (1978) took this kind of analysis further by looking for redun­
dancy within parameters. Melton (1958b) continued the analysis of interrelations, and 
produced several expressions relating different parameters. Melton also developed a 
mathematical network growth model from Horton’s ‘laws’. Finally Melton introduced 
the ratio of Stream Frequency to Drainage Density Squared, which was interpreted as a 
measure of the completeness with which a network fills the basin outline.
Melton’s (1958b) approach is similar to that of Smith (1950) who classified 
basin texture as coarse or fine, depending on the drainage density. Smith developed this 
further, with an alternative measure of texture based on the number of contour crenula- 
tions in a basin. Likewise Scheidegger (1965) developed an alternative (and more 
complex) method of ordering streams. The justification for this is some of the prob­
lems associated with the Horton/Strahler system, namely that both basin and stream 
order are dependent on map scale, stream order only changes when streams of equal or­
der meet, and the mathematics of combining stream orders is rather unique (where 2 
and 2 equals 3 !?!)
During this period there were several modifications to Horton’s ideas and the 
development of a range of new techniques. These include Strahler’s (1952) revision of 
the ordering system, which solely used the ‘blue-line’ stream network to delim it first 
order streams. This contrasts with the Horton system, where streams were extended 
from the top of the cartographic blue-line to the watershed. The Horton classification is 
now termed the ‘mesh length extension’ method. Schumm (1956) took the study of 
morphometry further forward, with the introduction of two new ‘laws’, essentially 
fourth and fifth laws, the constant of channel maintenance and another new stream order­
ing method. This paper is also a classical example of ‘Hortonian’ analysis, testing a 
large data set against the ‘laws’ and concluding that as the Perth Amboy region obeys 
the ‘laws’, the networks were ‘normal.’
Research continued, typically including the newer ‘Schumm laws’ in the analy­
sis. Studies became increasingly sophisticated, with explanations of why basins d id  not 
obey the ‘laws’ also becoming more advanced. For example Chorley and Morgan’s 
(1962) invocation of climatic change and Eyles (1968) suggestion of stream rejuvena­
tion preventing a ‘Hortonian’ network at ‘old age.’ Williams (1966) applied a m odi­
fied form of Hortonian analysis in an investigation of the morphometry of temperate 
karst features. This research is notable for the use of morphometric techniques on karst
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features, then an untried area of morphometry. Additionally, Williams developed a
range of modified karst morphometric indices, and several new parameters. These in­
clude swallet density, directly analogous to drainage density and new parameters of 
closed depression density, the vadose index, and the resurgence coefficient among oth­
ers.
5.2.4 Dismissal of Horton
This process of testing for ‘Hortonian’ networks seems to have gained a position 
of absolute importance, such that when their geomorphic irrelevance was demonstrated 
(Milton 1966) testing continued almost without a pause. Indeed Horton’s laws are still 
widely used as an indicator of whether networks are ‘ideal’ fluvial features (Rodriguez- 
Iturbe et al, 1992a and b, Rinaldo, et at, 1992; Rhoads, 1994; Sun et al, 1994). Milton 
(1966) demonstrated that the ‘laws’ were really a geomorphic application of a mathe­
matical description of a branching network. This was shown by the use of the random 
walk model to simulate network development. When tested against Horton’s ‘laws’ 
these networks, entirely the product o f a random mathematical expression were found to 
obey the laws. Milton concludes from this that the ‘laws’ are a geomorphic application 
of a probability function. \
Horton’s ‘laws’ can be applied to any branching network that is ordered accord­
ing to the Horton system. (Where two links of order n are required to form a link of 
next higher order %+2.) Given this ordering system the nature of the ‘Law of Stream 
Numbers’ was statistical inevitability. The ‘law’ is immediately constrained by the 
fact that two streams are necessary to create a stream of the next higher order. This 
would naturally lead to a log-linear relationship when number of streams was plotted 
against order. Indeed, mathematically, if  this branching process was tested fully, then 
this would result in an ideal fit to this ‘law.’ The departures away from this ideal ap­
pear to be a result of physical processes interfering with the ‘ideal’ and causing depar­
tures. This topic is discussed in greater depth in chapter 6. Ultimately, Horton’s laws 
are simply a expression of an ordering system that really have no geomorphic impor­
tance. The laws develop from the ordering system and not any geomorphic process.
Despite this, ‘Hortonian’ analysis continued for quite some time. Many re­
searchers switched justification for conducting morphometric analysis from the simple 
proving of Horton’s ‘laws’ to the demonstration that the networks in question were 
topologically random branching networks (Shreve, 1966 and 1967, see below). An ex­
ample of this is Eyles (1968), which looks for departures from topological randomness,
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fortunately the best way to do this is to compare against Horton’s ‘laws’.
5.2.5 The Infinite Topologically Random Networks Model
The infinite topologically random networks (ITRN) model was developed by 
Shreve (1966 and 1967). Essentially the model arose from Shreve’s realisation that 
Horton’s ‘laws’ were statistical inevitabilities that would arise naturally given a suffi­
ciently large network. Shreve noted that any particular single network forms part of a 
larger network. S o i t  could be argued that any single network would form part of an 
infinite channel network. The structure (topology) of this network would be, in the ab­
sence of external controls, random. As Horton’s ‘laws’ were statistical constructs, they 
could be applied to this infinite network. From this it follows that the ‘laws’ would, 
more or less, apply to any network anywhere. The IT R N  model was proposed as a 
means of explaining Horton’s ‘law’ of stream numbers and more importantly the struc­
ture of drainage networks. A t the heart of the model is the principle that all network 
configurations are equally likely. (This requires that possible environmental controls 
are ignored or are absent.)
Smart (1968) investigates the statistics of stream lengths, from within the con­
text of the topologically random model. This led Smart to develop a mathematical 
model of interior link lengths. This is suggested to be a better description of the to­
pology of link lengths than the Horton ‘laws’, capable of explaining some 65% of the 
variance of mean stream length. Unfortunately, the tone of this investigation is very 
similar to the Horton approach, aiming towards the development of laws. Smart 
(1969) continues to probe the topology of drainage networks, by introducing ambilat­
eral classes. These are described as a measure of network structure that ranks between 
Strahler stream orders (described as being too broad to be useful) and binary strings 
(too detailed). Ambilateral classes are used to describe network structure or pattern, 
essentially the configuration of the network, based on the order of left and right hand 
junctions. Potentially for higher Strahler order networks there are a vast number of pos­
sible arrangements of channels, and a corresponding large number of ambilateral 
classes. This problem is reduced by allowing that two networks are said to belong to 
the same class if one can be converted into the other by the reversal of the left-right or­
der of one or more junctions
Scheidegger (1968) attempts to introduce a new approach to drainage basin 
morphometry. Previous research had tended to nest low order basins within higher or­
der basins, which lead to a form of data replication. However, Scheidegger’s alterna-
Andrew Wright, PhD Thesis, Roehampton Institute London, June 1997
Page 90
The Palaeohydrology o f Jersey; Chapter 5, Morphometry. 
tive is to view networks as random connections of channels. This ‘random m odel’ is
different from that of Shreve, as rather than viewing an individual network as part of an 
infinite network, network structure (topology) is viewed as random, with each possible 
network graph being equally likely to form. This model appears to function well, ex­
plaining the Horton ‘laws’ from a differing, structural, viewpoint, but also allowing the 
formation of non-Hortonian networks.
Some of the problems associated with quantitative description of 
(topologically random) channel networks are discussed by Jarvis (1972). These include 
the ‘Horton Laws’, said to be of lim ited value in regions where environmental controls 
result in departures from topological randomness. Jarvis (1972) proposes an alternative 
method of describing network structures. This is the ‘E-index.’ This builds on a com­
bination o f stream magnitude and link distance (Liao and Scheidegger, 1968). (The 
link distance o f any particular point in the network is defined as the number of links 
between that point and the basin outlet.) The E-index may be used to classify network 
structure, for example whether a network is compact or not. The E-index can also be 
used for interpretation of network growth, unlike either the Shreve or Strahler ap­
proaches, and therefore may be used to indicate whether a network is plane filling.
Werner and Smart (i973) introduce two further morphometric parameters, the 
total path length and basin diameter, to analyse the topologically random model in 
greater depth. They suggest that these parameters are of value, and are stated to be ca­
pable of explaining why some networks depart from Horton-style ‘laws.’ Smart and 
Werner (1976) attempt to test the random model against ‘real world’ basins. They note 
that while exact deterministic explanation of drainage networks is impossible, statisti­
cal description is possible. Smart and Werner use the random model to predict mor­
phometric information, including drainage density, from other parameters. They sug­
gest that the performance of the model is not really weakened by strong environmental 
controls. They conclude that the model is sound and of real use to the geomorpholo­
gist.
Shreve (1975) returns to the IT R N  model and provides background and some 
justification for the model, including that it allows for randomness in geomorphology. 
Jarvis and Werritty (1975) discuss the various methods of classifying topologically 
random channel networks. This aims to find the best method of classification, i.e. the 
method that involves the least loss of information. Unfortunately such a method is not 
forthcoming. r r,
Andrew Wright, PhD Thesis, Roehampton Institute London, June 1997
Page 91
The Palaeohydrology o f Jersey; Chapter 5, Morphometry. 
Similarly, Kirkby (1976) tests the application of the model to real-world ba­
sins, finding that network topology has hydrologie significance in influencing peak net­
work discharge and time to peak discharge. Smart (1978), in an extensive morphomet­
ric analysis, notes several problems with the model. These include that it significantly 
underestimates network elongation, and under-predicts the number of second order 
streams. Smart also suggests that the length distribution of interior links is dependent 
on whether links join with an interior or exterior link downstream.
Abrahams (1984) and Abrahams and Mark (1986) also note some potential 
problems associated with testing of the model. They conclude that whilst the model is 
useful, it is not perfect, and is best applied only to small catchments. Mesa and Gupta
(1987) includes an investigation of some of the properties of the topologically random 
model, and introduce an equation to relate main channel length of a basin to basin mag­
nitude. Mesa and Gupta suggest that the main channel length-basin area relationship is 
scale dependent, with two different constants involved in the relationship, one for large 
basins, and one for small.
Werner (1994) returns to graph-theory to describe channel networks. In graph- 
theoretic terms networks are characterised as “a trivalentplanar rooted tree” 748). 
Werner discusses the role of randomness in divide (watershed between streams within 
the basin) length, and finds that predictions made by the random topology model do 
differ significantly from observations. Goodchild and Klinkenberg (1993) return to the 
topologically random network model, and reinterpret from a fractal viewpoint. They 
suggest that the departures from topological randomness observed in natural systems 
results from geometric packing constraints, not environmental controls.
5.2.6 Fractals
5.2.6.1 Introduction and Background
The term ‘fractal’ was a first coined by Benoit Mandelbrot, who describes its 
origin from the “Latin fractus, which describes a broken stone - broken up and irregular” 
(Mandelbrot (1992, pp 123). A ‘fractal’ object is an object with a fractional value for 
the number of dimensions, as opposed to the more conventional integer value for the 
number of topological dimensions. Most ‘every day’ objects appear to have an integer 
number of dimensions: (Unfortunately matters are rather more complex than this delib­
erate simplification!) True points have no dimensions (after all they can not be meas­
ured), lines are one dimensional objects (with only length, and no width or height), 
plains or sheets are two dimensional whilst the majority of objects that fill human ex-
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perience (houses, trees, clouds, and other people) are (apparently) three dimensional.
Unfortunately, this is indeed a simplification, and in reality things are rather 
more complex. The classical example of an object with a fractional number of dimen­
sions is a ball of string (Mandelbrot, 1992; Gleick, 1987). From a great distance the 
ball appears as a point, with no dimensions, as one approaches the ball it resolves first as 
two dimensional object (a plane with length and width) then a three dimensional sphere 
(length, width, and height). Approaching the ball further produces more detail, with 
individual threads of string becoming apparent. With further magnification, detail of 
the ball is lost, with a series of one dimensional threads becoming apparent. Further 
zooming causes these to change to two dimensional and then three dimensional objects 
again. Ultimately atoms with zero dimensions appear, and again the number of dimen­
sions increase as more detail becomes apparent.
So, depending on the scale of examination, the number of dimensions of an ob­
ject can vary. But what happens when the scale of examination is somewhere between 
two sets of dimensions? The answer is, paradoxically, that it is possible for an object to 
process 2i fractional 6imenûon, somewhere between two integers. In other words a num­
ber of dimensions that is %ofa whole number. To return to the ball of string example 
above, when the scale of examination is mid-way between two and three dimensions 
then the ball will appear to have a fractional dimension of 2.5. Gleick (1987) cites an 
example of a talus slope, this has a fractional dimension of about 2.7. In other words, 
when a talus slope is examined at all scales, the number of dimensions is between 2 and 
3, that is, a talus slope is neither a two dimensional or three dimensional feature, but in- 
between.
An object is termed fractal when the same mathematical description of the ob­
ject applies, regardless of the scale of examination. I t seems that the majority of nam- 
ral objects display fractal behaviour. This means that the mathematical description of 
the object is constant and therefore is scale independent. However, visual form may 
change with scale of examination. The Mandelbrot set is probably the most famous ex­
ample of a fractal. The equation describing the set is scale-invariant, and this gives a 
form that changes dramatically with scale. A fractal object has a fractional number of 
dimensions. To confuse matters, there is a geometric category of objects that are 
termed ‘self similar.’ A self-similar object has the same mathematical description re­
gardless of scale and also appears visually identical, at all scales. Classical geometric 
objects such as squares are examples of such self-similar objects. The number of dimen­
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sions of self similar objects is an integer.
5.2.6.2 Fractals and Morphometry
What are the implications of this for drainage basins? Besides talus slopes, a
great many natural objects are fractal (it is arguable that more natural objects are frac­
tal than are not). For example the coast line of Britain displays fractal behaviour, hence 
Mandelbrot’s (1983) leading question; how long is the coast o f  Britain? Ansv/ev, effec­
tively infinite! This takes a little thinking about. Mandelbrot’s reasoning for this was as 
follows: Measure the coastline on a small scale map, and a value of the length is pro­
duced. Repeat this measurement on a larger scale map and the coastline appears to be 
slightly longer. This is because the increase in scale has revealed more detail on the 
coast line, more bays, spits, and estuaries, all of which increase the length of the coast. 
(Note that this makes a major assumption about cartographic generalisation by ignor­
ing it.) Progressively as one examines the coastline at larger and larger scales more de­
tail becomes apparent, increasing the overall length, until one is measuring the length of 
sand grains on a beach and still the length of the coastline is increasing. Hence it is con­
cluded that a perfectly precise measurement of the length of the coastline is impossible, 
given the constant increase in length as scale of measurement increases. As a result of 
this, Mandelbrot concluded that the length of the coastline would be infinite if  perfect 
measurement was possible. (Note that more recent research by Andrle (1996) further 
complicates this issue by suggesting that the west coast of Great Britain does have a fi­
nite length, and that there is a lim it to the complexity of the coastline. However, for 
the purposes of this study, the example remains valid as just that, an example of fractals 
in real world situations.)
This starts to have great significance for drainage basin morphometry. I t has 
been known for quite some time that as map scale increases (for example from 
1:100,000 to 1:10,000) drainage density will increase (Coates, 1958; Scheidegger, 
1966; Warntz, 1975). This is a result of more streams becoming visible and the detail 
on these streams increasing, with more headwater streams becoming apparent and pro­
gressively finer meanders appearing. This led Mandelbrot (1983) to conclude that 
stream networks are fractal. This would imply that as the scale of examination in­
creases, more detail of the drainage network should appear, and drainage density will 
increase. Hence for morphometry it can be argued that all map scales are equally cor­
rect depictions of reality.
Taken to its fullest extent, this argument would mean that stream networks are
infinite (not a new suggestion, Shreve, 1966). This model would have progressively
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more and more headwater streams appearing as one examines the headwater region with
increasing detail. Such a network is termed plane-filling as the stream network occupies
the whole of the available surface. Such a network would have a fractal dimension of
2 .0 .
There is a clear necessity here to note the difference between the channel network 
and the stream or drainage network. Whilst it is possible for the stream network to ex­
tend beyond ‘cartographic’ first order channels (i.e. features shown on maps), to gullies 
and then rills, the channel network cannot be infinite, as a finite drainage area is neces­
sary to maintain the channel. If this were not the case, then the constant of channel main­
tenance (Schumm, 1956) would be invalid. Although a certain area is necessary to 
maintain a channel, this need not apply in order to maintain a stream. Is it therefore 
theoretically possible for stream networks to extend infinitely until a drainage route 
becomes a progression of single water molecules. A t this point, Mandelbrot suggests 
that the whole surface is covered by the stream network. This is what is meant by plane- 
filling, the channel network literally covers the whole surface.
Beyond this, it is impossible for the drainage network to extend further. So it 
would seem that the concept of an infinite extent to the channel network is limited. 
Stream networks can not extend to true infinity, because of the lower lim it on the size 
of water bodies imposed by atomic structure. A certain area will always be necessary 
to maintain a drainage route, if only to overcome capillary forces that would otherwise 
contain water around soil particles. The hydrological inconsistencies of a plane-filling 
network are also discussed by Phillips (1993). Against this, research by Wilson and 
Storm (1993) suggests that channel networks can be infinite. Wilson and Storm studied 
the networks that developed on an erosion plot. Even at extremely small scales these 
drainage routes appear to be fractal and are comparable to larger river networks.
As a wider concern Klinkenberg (1992) examines whether the fractal dimension 
of topography is related to any ‘traditional’ morphometric parameters. Klinkenberg 
does find weak relationships with such parameters, but concludes that the fractal dimen­
sion, D, is indexing a new aspect of surface roughness (See chapter 6 for a full definition 
of the fractal dimension.)
5.2.6.3 Evidence o f Fractals
There is some evidence to suggest stream networks are not fractal features. The 
geometry of nature may appear to be fractal. However, like the ultimate fractal, further 
examination reveals a further level of complexities. That drainage basins have fractal
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properties was first implied by Warntz (1975) who argued that stream networks should
continue infinitely in a manner very similar to that suggested by fractal theory. It 
should be noted that this suggestion of a fractal property to stream networks pre-dates 
the word fractal. Furthermore, Scheidegger (1968) suggests that i f  a network is 
‘Hortonian’, then the network “topology is self similar from order to order.” (pp 1016) 
This use of self-similar is in the sense that the mathematics are the same, regardless of 
order. Again, this concept pre-dates Mandelbrot’s work on drainage networks by nearly 
ten years. Strahler (1958) discusses the general shape of drainage networks. This work 
implies that drainage networks are self-similar. However, again, this approach was not 
advanced much further, but clearly would lead to fractal ideas.
It is possible to calculate the fractal dimension of stream networks, and a vari­
ety of methods exist. This is discussed fully in chapter 6. A range of values of the frac­
tal dimension have been suggested. These include Mandelbrot (1983) and Hjelmfelt
(1988) who suggest a value of 1.14. Tarboton et al (1988) suggest a value of 2.0,. La 
Barbera and Rosso (1987) initially agree with this. However, more detailed analysis 
leads them to suggest that the fractal dimension of stream networks lies between 1.0 
and 2.0. Wilson and Storm (1993) suggest two groups of values; 1.01 to 1.08 (for whole 
networks) and 1.52 to 1.83 (individual stream segments). Further details of this issue 
are given in chapter 6.
However the importance of fractal behaviour in drainage basin morphometry 
extends beyond this. Breyer and Snow (1992) suggested that when scale of investigation 
is increased, so the morphometric parameter being measured changes. For example if  
the length of a river is measured from 1:50,000 maps and then the same river is meas­
ured from 1:25,000 maps the second measurement will be larger. Equally field meas­
urement will produce a still large result. This is a product of the fractal nature of many 
drainage basin parameters.
Gupta and Waymire (1988) analyse the spatial variability in link heights in 
topologically random river networks. They find that the link height distribution exhib­
its scale invariance, this is described as ‘statistical self-similarity.’
5.2.6.4 The Optimal Channel Network Model
The Optimal Channel Network Model (OCN) was introduced by Rodn'guez- 
Iturbe et al (1992c). The central assumption of this is that of minimum energy dissipa­
tion in the drainage network. Three underlying principles are presented: (1) minimum 
energy expenditure in any link, (2) minimum energy expenditure per unit channel area,
Andrew Wright, PhD Thesis, Roehampton Institute London, June 1997
Page 96
The Palaeohydrology o f Jersey; Chapter 5, Morphometry. 
and (3) minimum energy expenditure in the network as a whole. Essentially, Ro-
driguez-Iturbe et al {\992h) suggest that a fractal network represents an ideal towards 
which networks evolve in order to minimise energy expenditure, this is described as a 
‘critical attractor.’ Optimal channel networks are also suggested to fit Horton’s laws, 
and hence have a fractal dimension of 2. This structure is fractal as this minimises en­
ergy dissipation, i.e. this is the most energy efficient form possible. Ijjasz-Vasquez et 
(1993) test the model against digital elevation models, or DEMs, of real world 
networks. They find the networks extracted from the DEM do obey the O C N , and 
conclude that this is a valid model.
This can be explained in physical terms. Stream networks expend potential en­
ergy to perform work, but must do this in the most efficient manner possible (Yang, 
1971). Hence stream networks evolve into a form that minimises the expenditure of 
energy necessary to transport precipitation to the sea. This form is a balance between 
the maximum coverage of the landscape and minimum energy expenditure. An ideal 
stream network would do just this, have maximum coverage, yet minimise energy ex­
penditure. However, ‘real’ stream networks do not appear to have fractal dimensions of 
2.0. This subject will be fully explored in chapter 6.
5.2.7 Cartographic Problems
The cartographic depiction of geomorphic features is clearly of great impor­
tance to morphometry, considering the emphasis that is placed on extraction of data 
from maps. If a feature is misrepresented on a map then any morphometric analysis that 
includes that feature is potentially flawed. Worries about the accuracy of depiction of 
fluvial features has been the main focus o f attention in this direction. Smith (1950) 
notes, almost in passing, that drainage density varies with map scale. Chorley (1958) 
tested one of the most important potential sources of error in morphometry, namely 
operator variance. Chorley found that, with the exception of delimitation of first order 
streams, variation in measurements between operators was not significant.
Similar concerns have been expressed about other aspects of cartographic depic­
tion of landforms. For example, Clayton (1953) discussed potential problems with the 
depiction of contours on the then new 1:25,000 Ordnance Survey maps. Clayton does 
raise some quite significant issues about the location of contours. Hopefully, these issues 
will no longer be a great concern, with photogrammetric techniques improving contour 
location. However, there appears to be very little research in this direction since 1953.
A key issue in the use of stream networks depicted on maps is the accuracy of
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the networks on the map in comparison to the field. This is an area that has attracted
considerable research, building on the foundations of Morisawa (1957). Morisawa be­
gan by noting problems with the depiction of stream ‘blue-lines’ on maps. These were 
not found to be representative of the actual stream network in the field. As a solution to 
this Morisawa proposed that contour crenulations should be used to delim it channel 
networks. Schneider (1961) reanalysed Morisawa s (1957) data, and found that neither 
map scale nor area affect drainage density. However, this re-interpretation suggests that 
neither blue-lines or the drainage network delimited by contour crenulations are repre­
sentative depictions of the actual stream network. Scheidegger (1966) also considered 
the issues of map scale, suggesting that as scale was increased, so new headwater streams 
would appear. I t appears that Scheidegger does not allow for an upper lim it to this, 
implying that as scale increases, so more and more streams will appear, indicating an 
infinite extent to channel networks. Such a network would be ideally ‘Hortonian’, obey­
ing the ‘laws’ perfectly, would be space filling and process a fractal dimension of 2.0. 
This would contradict Schumm’s (1956) ideas of a minimum area being necessary to 
support channels, i.e. the constant of channel maintenance. Yang and Stall (1971) note 
that Strahler stream order (and hence basin order) is scale dependent, as scale increases 
so the number of headwater streams also increases. However the bifurcation ratios of 
stream numbers, stream length ratio and stream concavity are said to be scale inde­
pendent, where the bifurcation ratio (Rb) is:
Nx
Rb =
The lengths ratio (Rl):
Nx + i
Equation 5.1
R l=  L.
and the concavity ratio (Rb) is:
L x  + 1
Equation 5.2
Rc =
Cx + 1
Equation 5.3
Where is the number of streams of order x, I^ is the mean length of streams of order 
X and Q  is the average slope of streams of order x (Yang and Stall, 1971, pp 707).
Chorley and Dale (1972) review the whole issue of stream network delim ita­
tion, including the problems of blue-lines verses contour crenulations and the channel 
head, noting that networks continue onwards through the network of gullies and rills.
They also suggest that Strahler’s definition of “clearly defined valleys” is inadequate.
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More disturbingly they note that the mapping division of the USGS ignores fluvial fea­
tures less than 2000 feet long, unless they come from a spring or water body. A sa solu­
tion to this problem Chorley and Dale suggest a series of criteria for defining the loca­
tion of a channel network from contour crenulations, based on the angle of the stream to 
the contours and the angle of crenulation (Chorley and Dale, 1972, pp 160).
This section has attempted to discuss the issues involved with the cartographic 
depiction of the drainage network. Naturally, the only way to ensure that the drainage 
network shown on the maps is an accurate depiction of the field is through field survey 
to compare maps with field.
5.2.8 Drainage Density Variation
5.2.8.1 Introduction
Drainage density measures the intensity of the drainage network, and is calcu­
lated from;
Total length o f streams
Drainage Density =
Area
Equation 5-4
Units are length per unit area or dimensionally, length'% today this is km k m ' , 
although in places this study will refer to units of miles miles'^ Smith (1950) notes 
that drainage density is dependent on a range of factors, including climate, geology, 
soils and vegetation, precipitation intensity, infiltration capacity relief and ‘the stage 
of development’. This section will concentrate on some of these factors and attempt to 
explain drainage density variation.
5.2.8.2 Climate
That drainage density varies with climate was demonstrated by Chorley in 
1957. Admittedly Chorley’s analyses were somewhat lim ited by the use of only three 
regions (Exmoor, Pennsylvania and Alabama). However this was necessary in order to 
find catchments where all other variables were reasonably constant. I t is hardy surpris­
ing that Chorley did find some relationship between drainage density and climate, and 
this remains a useful foundation to the study.
Carlston (1963) began by suggesting that terrain transmissibility 
(permeability) was a more important control on drainage density than climate. How­
ever, following further research by Cotton (1964) arguing that climate was indeed more 
important, Carlston (1965) reversed this viewpoint and found that base flow varies in­
versely with drainage density. Lower precipitation intensity was suggested to lead to
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lower drainage densities and also lower runoff intensities, a suggestion that now seems
completely wrong (Gregory and Walling, 1968). But in semi-arid areas, intense pre­
cipitation is counter-balanced by high infiltration which reduces runoff, and gives a low 
drainage density. Carlston also repeats Peltier’s (1962) suggestion that drainage den­
sity should be lowest in desert areas, followed by moderate climates, then semi-desert.
Roberts and Klingeman (1972) focus on drainage net fluctuation in response to 
precipitation. This builds upon the concept of variable source area suggested by Carson 
and Sutton (1971). Roberts and Klingeman look at wet and marshy ground, noting the 
small coverage of these in dry weather, and expansion during wet conditions. They sug­
gests that the network “fluctuates in linear extent directly with the stream's hydrograph” 
(pp 190). However, field evidence of whether stream nets do fluctuate with discharge 
produces a log-linear relationship.
Gregory and Gardiner (1975) assess drainage density variation on a number of 
scales. They begin by looking at world-wide variations, essentially comparing against 
climate. A variation of drainage density with climate is found. However, the data pro­
duced in support of this is extremely ‘noisy’ and indicates a very complex relationship. 
Meso-scale or regional variations are also reviewed, again significant variations are dis­
covered. Finally the local, or. basin scale is covered. A t this scale temporal, rather than 
spatial variations are more important.
Gregory (1976) studies the variability of drainage density with climate, and 
draws tentative relationships between drainage density and climate, indexed by pre­
cipitation intensity. Gregory’s qualitative expression of these relationships (figure 10.3, 
pp 297) makes clear the complexities involved in attempts to relate drainage density 
to climatic variables. I t quickly becomes apparent that any precipitation drainage- 
density relationships (and hence drainage density-discharge relationships) will have to 
allow for a variety of factors, not least of which are soils, vegetation, geology, precipi­
tation regime.
Finally, Gardiner and Gregory (1982) review the issues involved with the use of 
drainage density in rainfall-runoff modelling. They conclude that whilst drainage den­
sity is of value, it should be regarded as a dynamic variable. Gardiner and Gregory 
point to a variety o f studies (their table 1) that indicate variation in drainage density 
over a range of time scales, from the duration of one storm to studies running over a pe­
riod of years. They also return to the Carlston (1963) relationship, and suggest how this 
might allow for variations in drainage density.
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5.2.8.3 Area
Whether drainage density varies with area is a subject of some debate, as is wit­
nessed by Pethick (1975, 1978), Gardiner et al (1977, 1978), Richards (1978), Fergu­
son (1979), Gerrard (1978), and Vincent and Haworth (1979). Like much of fluvial 
morphometry, investigation of whether drainage density varies with area dates to Hor­
ton (1945). Horton suggested that for ideal or ‘Hortonian’ networks drainage density 
will not vary with area. However, for non-Hortonian networks drainage density should 
vary inversely with area. However, current thinking is that drainage density does vary 
with area in a complex, non-linear (that is chaotic) manner. Attempted explanation of 
this is extremely difficult given the lack of research in this direction since the above 
debate of the late-1970’s. However, building on the foundation of Pethick (1975) it is 
suggested that drainage density generally decreases with increasing area, and that the 
rate of decrease declines as area increases. Taking area as the independent variable, 
graphically this relationship would be concave up, similar to that of Smith (1950) and
reproduced by Pethick (1975, pp 22).
However, one further note of caution must be exercised when attempting to 
compare drainage density variation and area. Much of the data used, especially that in 
Pethick’s (1975) figure 1 (pp 218), comes from a variety of locations. This confuses an 
already complex issue by including regional differences into the drainage density-area 
relationship. For example, Pethick plots data from four different locations in the USA, 
Uganda, Western Malaysia, and Wales on the same log-log plot in order to demon­
strate a relationship between drainage density and area.
There is no reason why these diverse locations should display the same relation­
ship between drainage density and area. Indeed, inclusion of such diverse regions in the 
same graph risks including a wide range of other spatial variables under the heading of 
area. These include geology, climate, and human interference, all of which have been 
shown to affect drainage density. Close examination of this plot reveals clustering of 
data, probably indicating that each region displaying a unique relationship of its own. 
Hence in the absence of further data from a single homogeneous region, where the im ­
pact of geology, climate, etc., have been minimised, it is recommended that any fur­
ther attempted comparisons of drainage density and area should be treated with ex­
treme care.
Discussion of the relationship between drainage density and area raises one ad­
ditional problem, that of ratio correlation. Drainage density is the ratio of stream
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length to catchment area. Is it mathematically correct to conduct correlation of the ra­
tio of stream length to catchment area, and catchment area? This is an issue investigated 
in some depth by Chayes (1971). Ratio correlation has one immediate impact on any 
statistically analysis, the number of degrees of freedom is reduced. In this example any 
correlation between drainage density and area would have n-3 degrees of freedom 
(where n is number of observations). Whether such an analysis is philosophically correct 
is discussed by Chayes, who suggests that in broad terms it is.
The issues of size in geomorphology are extensively discussed by Church and 
Mark (1980). This applied the biological study of allometry to geomorphology. 
Broadly speaking, allometry is the study of proportional changes in the size of parts or 
the whole of an organism correlated with changes in the whole. For example Bull 
(1975) cities Horton’s ‘laws’ as example of allometry. Stream order is taken as a sur­
rogate for size or area, and as area (stream order) increases, the ‘laws’ explain how vari­
ous basin parameters should change. Church and Mark suggest that a self-similar object 
is not an example of allometry as its form remains constant regardless of scale. This is 
term ‘isometry’. However Church and Mark suggest that “drainage density does tend to 
be independent o f  area” 370). This would tend to contradict the above suggestion 
that drainage density is dependent on area. Church and Mark do note the extreme com­
plexity of this relationship. Allometry is also used by Park (1978) to relate changes in 
stream channel morphology to catchment morphometry. Specifically Park suggests that 
the relationship between stream channel cross-sectional area and catchment drainage 
area changes as catchment area increases, this is an allometric change.
A more recent suggestion on this subject introduced a new set of ideas and prin­
ciples. Hjelmfelt (1988) suggests that the relationship between stream length and area 
involves the fractal dimension. The exact relationship was proposed by Mandelbrot 
(1983), and Hjelmfelt provides an independent mathematical proof of the relationship, 
building on the stream length-area relationship suggested by Gray (1961). This is:
L =  A'^ '^  K (1000) (S)'-°
Equation 5.5
Where L is stream length; D is the fractal dimension; K is a constant; and S is 
map scale. In this discussion. Hjelmfelt suggests that the fractal dimension lies between 
1.0105 and 1.158, values very close to the 1.1 suggested by Mandelbrot (1983). La 
Barbera and Rosso (1989) discuss the variation of drainage density with area in a single 
paragraph and almost in passing. The relationship between drainage density (D^ ) and 
area (A) is given as:
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Equation 5.6
Where D is the fractal dimension of the network. From this it follows that when 
D = 2 (an ideal Hortonian network) drainage density will be independent of area. La 
Barbera and Rosso note that this rarely happens, and drainage density is found to de­
crease with increasing area. This is taken as support for a fractal dimension below 2. To 
support the hypothesis of drainage density decreasing with increasing area. La Barbera 
and Rosso repeat some rather noisy data from Avena et al (1969) supporting such a 
trend. It should be noted the topologically random channel network model does not 
account for drainage density variation with area, a weakness of this model! Beer and 
Borgas (1993) provide clarification, by suggesting that a perfect Horton system is self 
similar, Mof fractal. Beer and Borgas re-analyse Hack’s (1957) data and find a fractal 
dimension for networks of around 1.2
Following criticism of this by Tarboton (1990) (see section 5.2.6.3 above) 
Rosso et æ/(1991) return to the variation of stream length with area. They repeat Mesa 
and Gupta (1987) that:
L = A°-5
^ Equation 5.7
Where L is total stream length in a drainage basin, and A is the area of that ba­
sin. However plane filling (or Hortonian) networks, with a fractal dimension of 2, 
should display no variation of drainage density with area. For non-plane filling net­
works the above relationship should hold.
Robert and Roy (1990) suggest that the exponent in the mainstream length- 
drainage area relationship is a fractal quantity. There are two approaches to the inter­
pretation of the exponent, that it is fractal because of map scale issues or that it reflects 
changes in basin shape, the allometric view. Previous studies of how area and main 
stream length vary have tended to be allometric studies. Robert and Roy use data from 
the Eaton River, Canada, taken from three different maps scales (1:20,000, 1:50,000 
and 1:125,000). This assumes that cartographic generalisation applies evenly at all map 
scales. The exponent varies from 0.546 at the largest scale to 0.65 at the smallest, where 
the exponent is entirely fractal. However, this does reflect cartographic abstraction, 
with the detail of stream heads being reduced as scale lowers. Robert and Roy suggest 
that as scale increases the length of streams will also increase. However this is not due to 
an increase in stream complexity, rather it is due to headwater extension. This issue is 
also discussed in section 5.6.7 below.
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5.2.8.4 Time
That drainage density varies with time is beyond debate. Variations occur on a 
number of time-scales. Firstly extremely long-term variations occur, these are the 
product of climatic change. Hence it is feasible that areas beyond the maximum extent 
of glaciations will have experienced a series of drainage density variations, related to 
the local changes in climatic regime. Such variations are hypothesised to have occurred 
in Jersey and elsewhere, and result in misfit or dry valleys. On still longer time-scales 
it is imaginable that the extremely ancient continental interiors may have witnessed 
drainage density variations on a geological time-scale. In both of these cases any quan­
tification would be difficult.
Likewise on a shorter time scale, meteorological records show a history of cli­
matic variability, it is possible that similar drainage density changes have occurred. 
Again a lack of readily available data prevents easy examination of this. Attempts have 
been made to see how drainage density has changed within the recent period in Britain. 
These have used different map editions, surveyed at different dates to see whether the 
stream network has changed between editions. Such studies (Ovenden and Gregory, 
1980) make the assumption that mapping criteria on the depiction of the stream net­
work have not changed. Officially, the British Ordnance Survey state that these criteria 
have not changed and that any changes in drainage networks are the product of genuine 
network changes. Such changes have been reported (Ovenden and Gregory, 1980). How­
ever detailed field surveying reveals that the more recent map editions still omit some 
streams (Burt and Oldman, 1986). Because of this Burt and Oldman advise against the 
comparison of stream networks between differing map editions, which would prevent 
further analysis of recent network changes.
Drainage density varies in response to meteorological (as opposed to climatic) 
events. This is witnessed by the increase in drainage density following precipitation 
(Dunne and Black, 1970; Morgan, 1972; Day, 1978, Gurnell, 1978). Gregory and Wall­
ing (1968) is one of the most widely cited references to drainage density variation. 
However Gregory and Walling noted that any single catchment, in this case catchments 
in south-east Devon, displayed a range of drainage density values. This ended the con­
cept of drainage density as a static value and its dynamic nature was then examined. 
Likewise Dunne and Black (1970) note how the area supporting a channel varies with 
time, together with actual changes in the extent of the channel itself.
Day (1978) studies drainage network change in New South Wales, producing a
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plot of ‘flowing stream length’ and time. These are broadly comparable to hydro­
graphs, but with the maximum stream length occurring prior to the hydrograph peak. 
Whilst Day (1978) studies storm scale drainage density variations, Blyth and Rodda 
(1973) focus on weekly variation. They suggest that the principal controls on the total 
length of flowing network are the amount of effective rainfall during the previous week 
together with the length of flowing network during the previous week. Gurnell (1978) 
focuses on storm scale variations in network extent. Gurnell finds that network extent is 
principally a product of antecedent precipitation and network extent. This paper is also 
unusual in relating drainage density and discharge on differing geologies.
This evidence provides clear support for Gregory and Walling’s (1968) asser­
tion that drainage density should be regarded as a dynamic variable, not a static one. 
Additionally Jones (1971) raises a important point, that the drainage network and the 
channel network are not necessary the same. Jones focuses on soil pipes, noting that these 
can give the same rapid response to precipitation as the channel network, but are usually 
ignored in drainage density figures, which focus solely on the drainage network. This 
creates some difficulties for a map based study. Dietrich and Dunne (1993) also look 
into the issues of the channel head as opposed to the stream head. Again they suggest 
that the stream head lies further up slope than the channel head. They also note the diffi­
culties in defining this location, and indicate that methods based on bank height are far 
from ideal.
However as this study concerns the valley network, as opposed to the active 
stream network, these concerns are not a particularly great worry. What is of more sig­
nificance is the nature of drainage density variations in periglacial catchments. This is 
dominated by the spring meltout event, when drainage density will increase very rap­
idly. However, there is a almost complete lack of any data on such short term drainage 
density changes in periglacial catchments. Fluvial processes in periglacial environments 
were discussed in further detail in chapter 4.
5.2.8.5 Interrelationships
A ll of these factors vary in relation to each other in ways not entirely under­
stood but thought to be complex. This points to a situation in which any relationships 
formulated will have to be very complex indeed to allow for all the observed variabil­
ity in drainage density with climate. For example Gregory (1976) repeats Peltier s 
(1962) suggestion that drainage density is lowest in desert regions, increases to a 
maximum in the semi-arid regions and decreases in the temperate zone. Furthermore
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data available in 1976 suggested that drainage density in the humid tropical zone may
exceed that of the humid temperate zone. To further complicate matters, there is con­
siderable variability within climatic zones, with maximum variability also being asso­
ciated with the semi-arid zone. Within climatic zones it seems that precipitation inten­
sity is a key controlling variable affecting drainage density variation (Abrahams and 
Ponczynski, 1984). The formulation of a similar drainage density-discharge relation­
ship for fossilised catchments is one of the ultimate aims of this project.
Rodrfguez-Iturbe and Escobar (1982) investigate possible interrelationships be­
tween drainage density and geo morphology and climate. This is centred on a measure 
of the kinetic energy per unit mass of effective rainfall, a function of the storm charac­
teristics and the instantaneous unit hydrograph of the basin. This leads to the conclusion 
that drainage density can not be analysed solely in terms of climate, and that consid­
eration of basin characteristics is necessary. Finally Rodrfguez-Iturbe and Escobar raise 
(but do not answer) an interesting question, does “drainage density control runoff or vice 
versa?” 134), and admit that “This whole interlocking system is scarcely studied... ” (pp 
134).
5.2.9 Alternative Morphornetric Parameters
Although useful in morphometric investigations, drainage density is far from 
the ideal parameter. As Gardiner (1983c) notes, drainage density assumes that all blue- 
lines are equal, and that “a kilometre o f  a small stream in the mountain uplands contrib­
utes just as much to a measurement o f  drainage density as does a kilometre o f  the largest 
river... In process terms this is obviously a nonsense. ” (Gardiner, 1983c, pp 1)
During the late 1970’s Gregory proposed two alternatives, stream network vol­
ume (Gregory, 1977), and building from this, drainage network power (Gregory, 
1979). Stream network volume is a field derived measurement, and as such it is of lim­
ited use to this study, as without access to preserved palaeochannels it is not possible to 
estimate this parameter for the Jersey valleys. Stream cross-sections are measured and 
assumed to be representative of a section of stream channel. By multiplying by the 
length of that channel stream network volume is produced. Clearly as more measure­
ments of stream cross-sectional area are taken, the more accurate this becomes. Hence in 
order to produce an accurate value for stream network volume a large data set is re­
quired, which makes this parameter rather difficult to produce.
Stream network volume was developed further into channel network power 
(Gregory, 1979) by the inclusion of basin relief (Drainage network power = Stream
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Network Volume / Relief). This formulation of drainage network power is criticised
by Knighton (1980). Knighton notes that the dimensions of this expression do not equate 
to any other expression of potential energy. Furthermore, no allowance is made for net­
work structure, indeed, when the possible variety of networks structures is considered, a 
formulation to calculate the potential energy of the basin is virtually impossible. From 
this it can be concluded that whilst Gregory (1979) made a bold attempt to quantify 
network power, this was somewhat misplaced and an improved formulation would be 
very difficult. Drainage network power does not appear to be a parameter of immedi­
ate use to morphometry.
5.3 Data; The Pre-Measurement Stage
5.3.1 Introduction
Wherever possible this study will follow the recommendations on drainage ba­
sin morphometry made by workers such as Gardiner (1975, 1980), and those of Starkel 
and Thornes (1981) concerning palaeohydrology.
5.3.2 Data Sources. Map Scales, and Fractals
The principal sources of data for this study are the 1:10,000 maps of Jersey 
commissioned by the Planning Committee of the States of Jersey and produced by the 
Ordnance Survey. These maps are produced to the same standard as the Ordnance Sur­
vey 1:25,000 second edition maps of the British Isles, which are recommended by 
Gardiner (1975) as being the most suitable for morphometric research in the UK. Re­
search has shown that larger scale maps tend to depict a greater extent of the drainage 
network than smaller scale maps (Gardiner 1975, 1980, 1988; Werritty, 1972). Hence 
ease of use and measurement mean that it is desirable to use the largest possible scale 
maps for any morphometric study. However the expense and availability of such very 
large scale maps favours the use of 1:10,000 maps that represent the ideal compromise 
(Gardiner, 1975) between accuracy, cost, and practicality.
Furthermore, it is suggested that the probable near-fractal nature of drainage 
basin properties means that the largest scale maps, and even field surveying of such pa­
rameters, will not produce exact figures for these parameters. Because stream channels 
and watersheds are thought to be fractal, or near fractal, lengths or areas measured are a 
function of the scale (Warntz, 1975; Mandelbrot, 1983; Goodchild and Mark, 1987; 
Breyer and Snow, 1992). Hence it is near impossible to gain a ‘perfect’ measure of any 
geomorphic parameter. All one can attempt is the most acceptable approximation. In
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practice, such factors tend to be irrelevant when compared to errors of network and wa­
tershed delimitation and measurement. The issues of fractals and drainage networks are 
discussed in more detail in chapter 6.
Additionally, it has been suggested that stream networks will extend infinitely, 
producing an ever finer fractal structure of infinite length (Warntz, 1975). Whilst it is 
accepted that the field drainage routes may extend beyond the ‘blue-line’ network de­
picted on maps, the practicalities of data collection mean that this hypothesis, of a con­
tinuous, ever extending valley network, has to be put to one side in order for data col­
lection to be conducted. The reasoning for this decision is that such an infinite network 
would not be physically possible (Rhoads 1994), as a minimum volume of water is 
necessary to form a channel. Spatially this translates to a minimum threshold constant 
of channel maintenance (Schumm, 1956). For more details on this issue see section 
5.2.6 and chapter 6.
Because of this problem of measuring stream lengths with absolute certainty, 
Gan et al (1992) suggest a parameter termed the fractal length. This is the actual length 
of a stream measured with (theoretically) absolute precision. This length remains the 
same regardless of the fineness of measurement, as this measurement would take place 
theoretically 2it the highest scale possible. Gan provide a method to calculate the 
fractal length, which requires estimation of the fractal dimension D (see chapter 6). A l­
though the principle of the fractal length is valid, calculation is problematic given the 
requirement for D to be known. Furthermore the strength of the relationship given by 
Gan et must be questioned given the use of 1:100,000 maps for data collection.
5.3.3 Network Delimitation And Data Structure
A tracing of the ‘blue line’ stream network was made, using a separate sheet of 
tracing paper for each map. Attempts to trace onto a single sheet to produce a compos­
ite map were made. This proved impractical as it was virtually impossible to attach 
the tracing paper to all four maps with sufficient security to maintain any degree of lo­
cational accuracy. Additionally the sheer size of such a composite tracing (over 3 m^) 
outweighed the advantages of continuous coverage. Using separate sheets d id  create a 
problem of matching features (especially watersheds) between maps.
Tracing the ‘blue line’ stream network proved to be more difficult than ex­
pected, partly because the dye-line maps used one colour, grey, to represent all features. 
This gave considerable problems distinguishing fluvial features from other features such
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as roads, field boundaries, and contours, especially when these features are adjacent or
cross one another. Reference to a coloured 1:25,000 map partially alleviated these
problems. However since the stream network shown on this map derives from the
1:10,000 maps any cartographic errors on the 1:10,000 map will repeat at 1:25,000.
Furthermore, cartographic generalisations and differing cartographic assumptions result
in the 1:25,000 map depicting a stream network that might not be as complete as on
the 1:10,000 map. Ultimately the only solution was field checking to determine the
accuracy of these maps. (See below.)
With the stream network complete, watershed delimitation was possible. First 
the major watersheds between the principal catchments were found. These were re­
drawn together with the ‘minor’ watersheds with greater accuracy. This followed a 
standard procedure of working in a clockwise direction around each basin. The ‘exit 
point’ of a stream was found, this is either the downstream confluence of the stream or 
the point at which the stream enters the sea. With this point identified, a connecting line 
is drawn from this exit point to the closest contour, intersecting the contour at ninety 
degrees. From this point the next contour or spot height uphill was located and a con­
necting line drawn, again contours were intersected at ninety degrees. This continued 
until the highest point in the basin was reached, when the above procedure was repeated, 
working anti-clockwise from the exit point. In the event of problems the classic ap­
proach o f ‘where will water falling here go’ was used to solve disputes. Eventually, the 
watershed network was drawn for all streams to ensure that no ‘gaps’ existed between 
watersheds. Again the nature of the dye-line maps made this task difficult, with fading 
of ink resulting in contours being difficult to detect or even invisible. Again the 
1:25,000 maps provided a supporting reference.
With the blue-line stream network marked and watersheds delimited, and with 
each large catchment named, it was possible to begin measurement. As this study con­
centrates on the palaeohydrology of valley systems, only those named catchments with 
a Strahler (1952) stream order greater than two were included in the data set. For those 
named catchments all the streams and relic valleys were measured together with their 
drainage areas. This does not mean that all the first order streams within any given 
catchment were ignored, but rather that any catchment that only consisted of a single 
stream was not included. Whilst first order catchments might have been included, this 
would also have unintentionally included a wide variety of features that lack a palaeo- 
hydraulic origin, such as drains, and other human made features.
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Initial measurements concentrated on small systems to allow evaluation of
techniques and the development of operator skills. During this phase the structure of the 
data set was developed to allow easy comparison of data to stream networks marked 
on maps. First the ‘exit point’ of the drainage basin was identified. Ideally this is the 
point where the stream enters the sea. However for some systems it was impossible to 
trace the stream to the sea, for example where the stream entered an area of Holocene 
sand dunes (Keen, 1993). Additionally where urban areas occupy the bottom of valleys 
underground stream diversions occur, leading to the blue-line being absent from the 
maps. This was a significant problem in the St. Helier region, and caused the truncation 
of the Trinity and La Vallée de Vaux catchments. Wherever possible the streams were 
traced to the sea.
The six figure grid reference of this exit point was recorded, allowing quick 
location of any catchment on Jersey. Each catchment was then assigned an identifying 
code letter, commonly the first letter of the valley name, for example St. Peter’s val­
ley is code ‘P’. In those cases where no valley name is shown on the maps the name of a 
prominent feature or settlement was used. In the case of duplication two letters were 
used, the first in capitals, the second in lower case, for example code ‘L’ represents St. 
Lawrence valley (or ‘Waterworks Valley’), while La Vallée de Lécq is coded ‘Le’.
Individual streams are identified by their Strahler (1952) stream order. First 
order streams were assigned the code letter H (for Headwaters). Second order streams 
code S, and so on. The highest order catchments found on Jersey are fourth order (code 
F), namely St. Peter’s valley and the Trinity system. First order streams wtve. counted 
in a clockwise direction around each second and higher order catchment, these numbers 
were added in subscript to the code. For example, the first headwater stream in the St. 
Lawrence basin has the identifying code of ‘LH /. An identical procedure for second 
order streams was used. An example of this identification system is shown in Figure 
5.3.3-A, using a hypothetical network ‘X’. Note that no attempt was made to code 
second order streams to record the contributing first order streams. Whilst this would 
have been possible it was decided that it would be considerably simpler to use a single, 
consistent system. This classification scheme was retained when basin areas were re­
corded.
Second order streams introduced a new problem of how to record each link. 
For example, where a first order stream joins the second order stream (which does not 
alter stream order) this creates two links,"two separate cartographic entities, one above
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and one below the first order stream. It was decided that these two links should he re­
corded separately and measured as two individual links and the total length of these 
taken to he the stream length. These two links were given the identifying letters a and 
‘h’ at the end of the existing stream code, where link ‘a is above the junction, and cod­
ing continues alphabetically downstream. So to use the example of the ninth second or­
der stream in the Trinity catchment, this is composed of six links, the first link is
coded ‘TSgJ.
xs
XH
XS
xs
Figure 5.3.3-A: Example of the stream coding systemCO
A final problem concerning the coding of streams occurred when the same link 
existed on two map sheets. For example JH jq flows from west to east, from sheet 1 to 
sheet 3. No particularly satisfactory solution was developed to solve this problem. As 
this stream is composed of one link, dividing into a and b links is not technically 
correct, however this solution was the easiest to implement. The alternative to this is to 
mark the link as composed of two segments, an eastern and western part. Again while 
this is not a particularly elegant solution, it does solve this problem. When data analy­
sis began these data points were amalgamated together so that the whole stream was 
recorded as one datum.
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5.4 Blue Line Stream Network Methodology
5.4.1 Blue-Line Stream Measurements
Having developed the recording system, stream measurements were taken. In 
accordance with the recommendations of Gardiner (1975) an opisometer was used for 
these measurements, the opisometer used in this study was a HB Depose. Links that 
were too short (<1.5 mm) to be measured by this method were measured using an accu­
rate ruler and magnifying glass. This was possible because such short features as these 
were practically straight. Because of the inaccuracies involved in using an opisometer 
each link was measured five times and the mean stream length was used. Although this 
repetition was time consuming, the increased accuracy was deemed to be beneficial. 
The opisometer used in this study featured an imperial scale only, requiring conversion 
into millimetres. The opisometer was precise to V ^ 4 inches or 0.39 millimetres.
Alternative approaches to the measurement of stream lengths exist, including 
the use of digitiser and a CIS. However, when this research was begun such facilities 
were not readily available, whilst opisometers were and could be used quickly to col­
lect data. By contrast, the GIS approach would have required considerable develop­
ment to perfect, and this would have changed the nature of this thesis away from pa­
laeohydrology towards digital methodology.
5.4.2 Stream Orientation
Stream orientation was recorded using a protractor. This was achieved by 
drawing a straight line connecting the stream head, as defined by the O S surveyors, to 
the stream exit point, typically the junction with the stream below, and measuring the 
orientation of this line. While this method was crude in comparison to the alternative 
methods available, the system used has the advantage of being fast and simple. Stream 
orientation was measured in order to determine whether orientation would have any af­
fect on drainage density or other morphometric parameters. The results of this analysis 
are discussed below.
5.4.3 Basin Area
Basin area was measured using an ‘Allbrit’ polar planimeter to trace around the 
watersheds. Again conversion was necessary to produce measurements in km^ Caution 
has to be exercised with all these measurements because of inaccuracies due to factors 
such as paper warp and scale errors. With basin areas these errors are comparatively m i­
nor when compared to possible errors in watershed delimitation. This source of possi-
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ble error was reduced by the process of rechecking watersheds before measurement.
Area was recorded for each blue-line stream link. This was the area enclosed by 
the watershed of that link, effectively the area that contributes water to that individual 
link. The area data used the same classification scheme as the link that area drained 
into. It is necessary to note that this gives a two dimensional estimate of the catchment 
planform area. This could be quite different to the three dimensional ground surface 
area in the field, especially when the effects of slope gradients, ground roughness and 
differing valley densities are allowed for. However, such field measurements were not 
possible in the time available, or indeed with the budget available. Furthermore, as­
suming a fractal nature to topographic roughness (Andrle and Abrahams, 1988), an ab­
solutely precise measurement of catchment area would not be possible. Field estima­
tion would give a more precise estimate, but not a perfect value. Hence it was decided 
to use the estimates of catchment areas taken from the maps as has been done by virtu­
ally all other published morphometric research and to use the remaining time for other 
projects. As a check of overall data integrity, areas were compared with Jones et al 
(1993) and were found to be in close agreement.
5.4.4 Basin Length and Width
In order to gain an estimate of basin length and width quick measurement of
these were taken. Firstly basin length was recorded. This was measured from the 
catchment exit point to a location on the watershed. This length is nearly parallel to the 
main stream within the watershed and records the greatest distance between the exit 
point and the watershed. This was measured using a ruler, this is approximately accu­
rate to within 1 mm. Measurement of catchment width followed a similar procedure, 
finding the greatest distance across the catchment between two points on the watershed 
approximately opposite each other and nearly normal to the catchment length and the 
main stream. This gives the maximum possible width of the catchment. An indication 
of the ‘mean’ width was gained by halving the maximum value. This approach was used 
as several of the catchments are very long in comparison to their width, and only 
through measurement could a representative estimate of catchment width be gained.
5.5 The Extended Network Methodology
5.5.1 Introduction
During the collection of data on the blue-line network it became apparent that 
the active stream network occurs within a much more extensive valley network, which at 
present appears to be dry. Chapter 4 suggested that the possible cause of this was that 
the valleys were formed by snow melt during the Quaternary cold periods. Today the
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active drainage network is underfit within the valley network. Hence if  this study is to 
gain insight into the valley formation, it is necessary to consider the morphometry of 
the valley network. This will be attempted with this section.
5 S.2 D elim ifa fion  o f  the E xtended N e tw o r k
Studying the valley network or so called zero order streams’ provides the most
suitable means of investigating the palaeohydrology of Jersey, as the valley network 
best represents the extent of the stream network when fully active. Typically there are 
two types o f ‘dry’ valley present on Jersey. Firstly there are obvious continuations of 
occupied valleys, where the dry section of the valley above of the stream head is clearly 
a continuation of the active vaUey (see Figure 5.5.2-A (A)). Secondly dry tributary val­
leys branch off the main active valley (Figure 5.5.2-A (B)). In both cases examinations
of contours quickly distinguish the dry valley form.
Whilst these features possess a clear valley form, a variety of other valley-like 
features exist that are more difficult to distinguish. For example, the active stream 
network is contained within distinct valleys, with steep sides and commonly a narrow, 
flat floor. On a map these valleys appear as sharp V shaped crenulations or narrow U 
shapes. When these features lack a blue-line stream along their floors, this is clearly a 
dry valley. Flowever many features are less distinct, where the V shape is shallower, or 
the U is wider. This necessitates a discussion about what should and should not be in­
cluded in the data set, a decision about what is and is not a fluvial valley.
This is a question that truthfully has no answer. A continuum of features exists, 
with distinct valleys occurring at one extreme and a plain, undissected slope at the 
other. In between these extremes are a variety of small valley forms, only some of 
which are actual fluvial valleys. Deciding which features are dry fluvial valleys and 
which are features produced by other processes (ranging from geological irregularities 
to human development) was a delicate process, one that underwent constant case-by-case
revision.
The first criterion used in deciding whether a feature was part of the former 
stream network was whether the feature integrated into the rest of the valley network. 
Secondly it is necessary to decide whether the feature displays a ‘valley-like’ form. 
This is achieved by studying the contours for crenulations, with the presence of crenula­
tions indicating valley form. Again there are problems associated with this. A single 
crenulated contour clearly does not constitute a valley. However, how many crenula­
tions are necessary to indicate a valley form? The threshold adopted was that a mmt-
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of researchers who initially agreed a reference form for a channel, defined by contour
crenulations. Successive investigations were by pairs of researchers who agreed what
constituted a channel.
Finally there is the issue of what constitutes a crenulated contour. Again there 
are degrees of crenulation. Obviously a crenulation with an angle of 20 degrees would 
be included, but should one of 120 degrees? (Melton, 1957). This is a question without 
a clear answer. As a rule of thumb, all contours with the V form were included. Where 
that form becomes closer to a U shape, the contours were still deemed to be crenulated. 
In these situations the crenulation above and below were also closely examined and if  
together they produced a ‘valley-like’ form they were included in the data set. These 
problems are somewhat similar to those encountered by Krumbein and Shreve (1970).
O ’N eill and Mark (1987) examine the use of the ‘psi-s p lo t’ to automate the 
delimitation of channel networks. They propose that a contour crenulation exists where 
distinct V shape is present in a contour, and that this would consist of “an abrupt change 
o f almost 90° where the contour enters the small valley in which the channel lies, an change 
o f almost 180° in the opposite direction as the contour crosses the channel, and finally an­
other 90° turn as the contour leaves the (O’Neill and Mark, 1987, pp 239). This
is a rare example of a quantitative definition of a contour crenulation. However, if  this 
was applied to Jersey, many features that, to the eye, are clearly valleys would be ig­
nored.
5.5.3 Measurement
The length of this extended network was measured using an opisometer precise 
to 1 millimetre. This decrease in precision was acceptable as it was out weighted by a 
saving in time. Furthermore the decreased precision was deemed to be irrelevant in 
comparison to the problems involved in locating the valley network. The path of this 
‘zero order’ stream was drawn by connecting all the contours, to create a feasible look­
ing stream along the bottom of this valley to the active stream below. The highest cre­
nulated contour was taken to represent the top of the valley network. Again there was 
debate as to which was the highest crenulated contour. The contour displaying any de­
gree of crenulation was used. Typically the next highest contour would display no evi­
dence of crenulation, whilst the lower contour possessed a reasonably crenulated profile. 
The length of the crenulated ‘stream’, from the active stream head to the highest crenu­
lation was measured three times and the mean value used.
At the same time as the crenulated network was measured the ‘mesh-length ex-
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tension’ network was also recorded. This is the distance from the active stream head to
the watershed (Horton, 1945), essentially a further extension of the stream net above the 
highest crenulation. The route of this was a rather approximate extension of the crenu­
lated network to the watershed.
5.5.4 Data Structure
The data were recorded by classifying each crenulated valley as a ‘zero order’ 
stream. This is essentially an extension of the classification scheme developed for the 
blue-line stream network. Since the watershed areas were recorded using the same iden­
tifying stream code as the link they supply water to (see above) it was logical to extend 
this classification still further to record the zero order streams or valley network. 
Hence each zero order stream is classified by the area it sits within, or by the blue-line 
link it would contribute water to. The zero order streams were denoted by the code 
letter Z.
Where more than one zero-order stream occurred within the same watershed 
area the zero-order streams were numbered in a clockwise direction. The resultant 
‘stream code’ for the valley extension to a head water stream in St. Peter’s valley 
would therefore be ‘PHj Z / .  This classification scheme becomes more complex when 
several zero-order streams contribute to one link, one of many that compose a stream, 
for example the first link on the second order stream in the St. Peter’s eastern sub-basin 
has five zero-order streams associated with it, the fourth of which has the code ‘PeSj^
z ; .
With several headwater streams, the valley above the stream head splits to form 
a Y shaped valley plan. In terms of the Strahler (1952) stream order this results in the 
two zero-order tributary streams above the confluence joining to form a higher order 
stream / valley that is still above the stream head. This section above the stream head 
was not recorded as an individual entity. Rather because, most Y junctions are asym­
metric, the valley below the branch was coded according to the stream it appeared to 
be an extension of, see Figure 5.5.2-A (B) above.
5.5.5 Field Checking
Field checking of the stream network was undertaken to determine how repre­
sentative the maps were (Mark, 1989). This had two objectives, first to clarify the 
drainage network in certain locations, and second to confirm that the extent of the net­
work shown on the maps was an accurate depiction of that existing in the field.
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Several locations exist where field checking was necessary in order to clarify
confusing map depiction of the blue-line network. Either the maps were unclear, or the 
stream network they depicted appeared to behave rather unusually. Hence there re­
mained a selection of problems that could only be resolved by field checking. These 
were checked during the period 10/7/94 to 16/7/94. The streams checked are: PH34; 
the region surrounding PF^ PFjj^ ; and PFL^ PT^j the region surrounding LS^ LSj ,^ 
and LHii^; LS^; LSu^ ; and the region between VT^ and VT^^. Field checking showed 
that these strange looking systems were accurately depicted by the maps. For example 
on the floors of St. Peter’s valley and Trinity there are what appear to be headwater 
streams, which makes little geomorphic sense. Field checking confirmed that these 
were true headwater streams that should be included in the data set. Whilst they did 
not drain a tributary valley they did drain very damp areas of the flood plain. Whilst 
these ‘legitimate’ first order streams were retained in the data set, several of the valley 
floors appeared to contain multiple channels. Often these were the result of artificial 
diversion, and some of these were detectable from the maps. However only field 
checking could provide a definite ruling as to which channels were artificial. Following 
field clarification of these locations, the data set was modified in accordance with the 
field observations, and these modified data were taken forward for further analysis.
Date Antecedent Weather Network Extent Ranking
December 1993 Very Wet 4
June 1994 Very Dry 1
June 1995 Dry 2
December 1996 Wet 3
Table 5.5.5-A: Dates of field work and antecedent weather conditions 
Field checking of the extent of the drainage network was a more difficult task 
to accomplish. This was undertaken to determine whether the active (‘blue-line’) drain­
age network depicted on the maps was an accurate representation of that occurring in the 
field. In order to test this, several locations were studied. First, locations where the po­
sition of the blue-line stream head was difficult to determine were examined. This re­
search was repeated on four occasions, as shown in Table 5.5.5-A together with a brief 
summary of preceding weather conditions. This should point to a range of locations for 
the stream head, given the apparent variation of drainage density with precipitation 
(Gregory and Gardiner 1975; Gurnell, 1978). ‘Network extent ranking’ is a qualitative 
index of this, the extent of the active network, with ‘4 ’ indicating that the stream head 
was at its highest position up valley. This data was based on a number of field observa­
tions of the approximate position of the stream head (as defined as the top of a distinct
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channel) in comparison to other features, such as roads, walls, buildings on the four oc­
casions.
As noted above, the prime focus of this research was on clarification of the posi­
tion of the stream head in several locations where this was difficult to determine from 
the maps. In addition, it was decided to study a range of other locations as a further 
check on the quality of the mapping. Initially these were chosen to give the maximum 
coverage of the Island, with one location being chosen in each of the major catchments. 
However whilst in the field this selection was changed as problems of access to sites 
became apparent. However, with this revised list of locations, it was possible to relate 
the position of the stream head in the field with those shown on the maps. These are 
VHj3, R^Hj, RyH2, LgH^ , LHg, PHjg, PH3, QH^, QHp PHy and PHg. The location of 
the stream head in the field in comparison to maps for these streams is given in
Stream Map Location Field Position
V H .3 120 m east of road 115m east of road
RbH, Adjacent to wall Adjacent to wall
RbH2 Adjacent to wall 5 m east of wall
k H j Corner of field 12 m south of corner
L H , Adjacent to road Adjacent to road
P H , 8 Pond Pond
PH3 Adjacent to road 12 m east of road
Q H 4 Adjacent to road 3 m below road
Q H , 2  m downhill o f tree 6  m downhill of tree
PH; 15 m downhill of wall 21 m downhill o f wall
PHg 110 m downhill of drive 119 m downhill of drive
Table 5.5.5-B: Comparison of the position of the stream head in the 
field and on the maps
This research showed that the maps were indeed a reasonable representation of 
the field. Although the position of the stream head was observed to vary, essentially 
depending on antecedent precipitation conditions, this position remained in fair 
agreement with the position shown on the maps. Given that the opisometer readings of 
stream length were precise to within Vg^ th of an inch, this translates to around 4 m in 
the field. However, the inherent inaccuracies of measurement means this level of preci­
sion was probably never achieved. The observations of the position of the stream head 
showed that stream heads, on average, appeared to be within 10 m of their position on 
the map. This means that positioning of the stream heads on the map is probably more 
accurate than the measuring techniques usqd. Hence it is not unreasonable to suggest that
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the mapping of the stream network is a minor source of error in comparison to data
measurement.
The ideal solution to these problems would have been to survey Jersey com­
pletely. However, given limited funding and time it was decided that these would be 
better spent pursuing other projects. Additionally, problems of access would have 
hampered any field survey. Although there is no law of trespass on Jersey there is also 
no law of access. Agricultural land consists of a great many small fields with ownership
Where; 1 are the major U shaped are valleys containing active streams. 3 are
‘dry valleys’ indicated by the contour crenulations, also known as the extended net­
work. 4 are the ‘hanging valleys’. 5 indicates the location of cols between valleys.
Figure 5.5.5-A: The Jersey valley networks 
fragmented across the Island and the privacy of many of the private residencies is jeal­
ously guarded. Finally, the sample survey reported above suggests that a complete sur­
vey would have only demonstrated that the cartographic skills of the Ordnance Survey, 
employing aerial photography based methods, were as good for the present purpose as 
any attempt at surveying.
Figure 5.5.5-A shows the full extent of the Jersey valley network, in addition to 
indicating the location of the cols (see section) and the ‘hanging valleys (see section
5.5.6 below). Note that this is a generalised map, showing only those networks studied
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in this thesis (i.e. all networks within basins with blue line Strahler order > 2). In addi­
tion to the hanging valleys shown above in the lower reaches of the major catchments 
there are also several unbranched valleys along the palaeo cliff line bordering St. Au­
bin’s bay. The networks shown in Figure 5.5.5-A are the networks studied in this thesis.
5.5.6 T h e ‘Hanging Valleys’
There remains the issue of several tributary valleys in the lower reaches of the 
valleys ending on the southern coast. These valleys are distinct features, as shown in 
Figure 5.5.5-A above.. They appear to ‘hang’ several tens of metres above the valley 
floor, in a manner similar to those described in the Otter basin by Gregory (1971) and 
Cannock Chase by Gardiner (1983a). These features are clear on the maps as a valley 
that ends suddenly before reaching the main valley floor. Several straight, non- 
crenulated contours separate the tributary valley and the main valley. In the field the 
‘hanging’ nature of these valleys is apparent, with a section of the main valley slope be­
ing uncrenulated below the bottom of the tributary valley.
The origin of these ‘hanging’ valleys is very uncertain. Several hypotheses can be 
suggested, firstly that the tributary valleys formed at the same time as the main valley, 
and that later slope activity filled the lower section of the hanging valley. This hy­
pothesis has problems. The slopes below the hanging valley are quite smooth, unlike the 
disturbed ground typical of slope activity. Furthermore, how could slope activity so 
localised occur confined to the tributary valleys? The alternative hypothesis that the 
valleys were formed during a period (or periods) of higher sea levels when the main 
valleys were submerged, hence the ‘hanging valleys would be disconnected from the 
main valley and would erode to that higher sea level. Again this hypothesis has prob­
lems, including what would be the effect of this high sea level on the rest of the Island,
and when did this occur?
Alternatively these valleys formed a different time to the rest of the network. 
It is possible that these valleys formed during the first stages of valley development, 
then as the network developed other valleys more dominant drainage routes, and these 
were eroded at a faster rate. This enlarged the other valleys, in comparison to the 
‘hanging valleys’. Additionally, the development of the drainage network reduced the 
drainage area of the ‘hanging valleys’, further reducing the amount of erosion possible in 
these valleys. So, as the network enlarged and eroded headward, there was insufficient 
discharge in the ‘hanging valleys’ and these were unable to erode at a comparable rate,
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and were left ‘hanging’. Another possibility is that as the network contracted, these val­
leys were the first to become inactive. However, the main valleys continued to develop 
and erode, leaving these valleys ‘hanging’ inactive above the active valleys. O f all these 
suggestions, this intuitively seems most likely.
As noted above, because these valleys are part of the drainage network they were 
included in the data set. It was decided that it was better to over-estimate the size of 
the network, than to underestimate and to have to include these features later.
5.6 Analysis of Stream Morphometry
5.6.1 Justification
An analysis of various catchment characteristics was conducted to determine 
whether there was any significant differences between the various catchments, regions of 
Jersey, and whether there are any significant relationships between morphometric pa­
rameters. The Jersey dry valleys resemble fluvially eroded valleys. The valleys have 
flat floors and steep sides, visually producing a cross section closer to a parabola than 
either of the classical U or V shape. Cross-sectional form is discussed in more detail in 
chapter 7.
The valleys may be divided into three provinces. The large south flowing sys­
tems drain the majority of the Island. These are divisible into western and eastern 
groups. The western catchments drain off the Brioverian Turbidites (or Jersey Shale) 
into St. Aubin s Bay and appear to have higher drainage densities than the catchments 
east of St. Helier on Andésite and Rhyolites, although these differences are not statisti­
cally significant (see below). The third province includes those catchments close to the 
north and north-east coasts. Here proximity to the watersheds of the larger south drain­
ing systems and high local relief results in small catchments with extremely steep lon­
gitudinal gradients.
5.6.2 Variations of Morphometric Characteristics with Geology
Firstly the underlying geology was examined. Following the groupings of 
Gardiner (1986) the complex geology of the island was grouped under the broad 
lithological headings shown in Table 5.6.2-A. Values minimum and maximum eleva­
tion, number of zero order streams, Shreve magnitude. Differences with geology are 
discussed in section 5.6.3 below.
Qualitatively, this shows that the catchments on the Rozel Conglomerate are, on 
average, the lowest in Jersey, followed by the Brioverian Turbidities, the Andésites and
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erosion, or because the rocks were uplifted to a higher elevation? It is not possible to
determine the amount of uplift experienced by the differing rock types. However, given 
the small size of the island, it is unlikely that there would have been much height 
difference. In addition, the three plateau surfaces occur at roughly equal heights across 
the island. Hence it would seem that this is an artefact of the data, there are more 
streams draining the Turbidities than the Rozel Conglomerate, and the majority of 
these are located inland, at a higher elevation than the more coastal streams draining the 
Conglomerate.
5.6.3 Drainage Density and CeologY
Despite apparent visual differences there are no statistically significant 
differences (significance level is p < 0.05) between valley network density values for 
each stream link on the different geologies (F-test result is 1.3 and p = 0.2733). There 
are far too many data to be shown here, with over 350 values, especially given the lack 
of any significant differences. This would imply that, in this setting, differences in 
geology have very little effect on stream formation and erosion. The geology of Jersey 
is quite diverse, and drainage density has been shown to vary with geology within the 
same region (Cardiner, 1977; Gregory, 1971; Gregory and Gardiner, 1975). Why do 
such differences not occur in Jersey? One explanation is that the geology is not 
sufficiently different to produce such differences. However, given the diversity of the 
island’s geology this seems unlikely, or it is possible the island is too small to allow 
any differences to be displayed. Alternatively the valleys were formed in such a way 
that geological differences were irrelevant. For example if  the streams forming the 
valleys were so immensely powerful that the erosion of the underlying geology would 
have taken place regardless of the hardness of those rocks. A final possibility is that 
geological differences were rendered irrelevant, for example by the presence of 
permafrost. This is further circumstantial evidence that the Jersey valleys could have 
been formed during periglacial conditions when permafrost prevented infiltration.
5.6.4 ‘Hortonian’ Analysis
The so called ‘Horton laws’ related the number and length of streams with 
stream order. Virtually any fluvial network delimited by Horton’s ordering rules will 
obey the laws. Hence testing the Jersey networks should reveal little new information, 
but would support a fluvial origin if  the networks are shown to obey the ‘laws’. 
Although Milton (1966) demonstrates the geomorphic irrelevance of Hortons so called 
laws’, they still provide an insight to the branching structure of the network. I f  the
Andrew Wright, PhD Thesis, Roehampton Institute London, June 1997
Page 124
The Palaeohydrology o f Jersey; Chapter 5, Morphometry. 
networks obey the ‘laws’ then nothing unusual is revealed, however if  the networks
depart from the ‘laws’, then this would suggest that the Jersey networks are somewhat
unusual. Furthermore, the ‘laws’ have been applied as a test of network properties in
several cases. These include demonstration whether a network forms a topological
random branching network (Shreve, 1969; Kirkby, 1976), and in other models of
network development such as those of Yuan and Vanderpool (1986). More recently, the
optimal channel networks produced by the minimum expenditure model (Sun et al
1994) have been tested using a ‘Hortonian analysis’. Additionally suggestions of the
fractal structure of drainage networks may be tested through Horton s laws (Rinaldo
et al 1992, Rodriguez-Iturbe et al 1992). Hence although the laws have little value on
their own right, they are useful as an indicator of other factors. Indeed, this section is
only included as the ‘laws’ are later used in the fractal analysis (chapter 6).
In the case of the Jersey networks, this analysis showed that the active blue-line 
stream network is approximately ‘Hortonian.’ Which is rather unusualzn6. merits further 
discussion. When this analysis was expanded to the whole valley network, as defined by 
the contour crenulations shows a much higher agreement with Horton’s ‘laws’. Horton 
style plots of number of streams against stream order, and mean stream length against 
stream order are shown in Figure 5.6.4-A and Figure 5.6.4-B respectively. This suggests 
that the valley network is a topological random branching network, and one of the main 
mechanisms that would produce such a morphology is the surface erosion of streams.
Horton's 'law' of stream numbers
100
-m—Vm
Order
Figure 5.6.4-A: Horton’s ‘law’ of stream numbers applied to selected Jersey catchments, looking atfla ’.4 orton’-A; s
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Horton's 'law' of stream lengths
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Figure 5.6.4-B; Horton’s ‘law’ of stream lengths applied to selective Jersey catchments, looking at
the ‘blue-line’ network.
Note that in both of these plots, the letters refer to the follow ing catchments: P, St. Peter; T , Trinity; J, 
St. John; V, La Vallée des Vaux; G, Grouville; Vm, La Val de la Mare; Q, Les Quennevais; N , St. Nicolas; 
R, Rozel; Rv, La Vaux de Rozel.
However, the currently active stream network is not 'Hortonian'this usual departure can 
be explained with reference to the origins of the Jersey valley networks: that the valleys 
formed, adopted a ‘Hortonian’ configuration (not that this is particularly revealing) 
and that the later network contraction means that the current network is not ‘Hortonian’. 
This, in its own way, is further supporting evidence for network contraction, and support 
for conducting this research.
This analysis was deliberately lim ited to third order or greater catchments. 
These catchments do conform reasonably well to the ‘law’ of stream numbers, but the 
‘law’ of stream lengths shows greater departures from the straight lines than might 
otherwise be expected. These departures appear to be related to localised catchment 
behaviour, typically a longer second order stream than might be expected. There does 
not appear to be a single regional cause for why any particular basin departs from the 
‘laws.’ Given the ‘geomorphic irrelevance’ of the laws (Shreve, 1966 and 1967), this 
line of investigation does not really justify further examination.
5.6.5 Valley Aspect and Gradient
Examination of stream aspect provides valuable insights into the nature of the 
valleys. Data on the heights of the top and bottom of any given stream link were col­
lected at the same time as the stream length. Knowing the height difference between the
top and bottom of any link and its length it is possible to calculate the gradient. The
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Gradient /  m m'' Gradient /  Degrees
Mean 0.08 4.68
Standard Deviation 0.07 4.25
Variance 0.01 18.05
Minimum 0.00 0.00
Maximum 0.49 29.05
Range 0.49 29.05
Mode 0.09 5.25
Median 0.06 3.46
Kurtosis 6.12 6.70
Skewness 2.16 2.24
25tb Percentile 0.03 1.77
75tb Percentile 0.10 5.80
Table 5.6.5-A: Summary Statistics for Jersey Stream Gradients 
low order valleys tend to be steep, as shown in Table 5.6.5-A, and Figure 5.6.5-A. 
Typically longitudinal gradients are steeper in headwater streams than in the higher 
order streams. An analysis of variance shows that there is a statistically significant dif­
ference between first and third orders (at a significance level of p > 0.05), producing an 
F-test value o f 3.8. Although there are no statistically significant differences between 
the other individual orders, collectively there are statistically significant differences in 
mean gradient between all the orders, the F-test value is 6.4 and probability is 0.0003.
The Jersey valleys "are quite distinct when compared to other dry valleys, 
particularly those found on permeable strata. On Jersey the valley heads tend to be 
gradual transitions into the plateau surface above, with the size of the valley gently 
decreasing as one moves up valley until the valley form disappears. This contrasts with
Histogram of longitudinal stream gradients
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Figure 5.6.5-A: Histogram of Stream Gradients
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the chalk dry valleys which end in an amphitheatre-like head, the coombe. This
difference could be due to the differing geology and/or the manner of valley 
formation.
Local relief also has an influence on stream gradient, with the highest gradients 
occurring in catchments draining into the north and north-eastern coasts. Beyond this 
there is no relationship between stream aspect and gradient. An analysis of valley side 
gradients in St. Peters catchment (Gardiner, 1995) shows that north-facing slopes are 
slightly steeper than south-facing slopes, which would tend to support a periglacial ori­
gin for these slopes.
5.6.6 Aspect
Further analysis of variance tests were conducted to determine whether there was 
any statistically significant differences between morphometric properties and stream 
orientation or aspect. Again four treatments were developed as shown in Table 5.6.6-A;
ANOVA Treatment Aspect OrientationlDegrees
1 North 316-45
2 East 46-135
3 South 136-225
4 West 226-315
Table 5.6.6-A: ANOVA treatments for stream aspect 
This analysis reveals that there is no difference between drainage density and 
stream orientation. Analysis of the remaining data reveals considerable dependence on 
stream orientation, see Table 5.6.6-C.
I t  is necessary to note that several of these variables are inter-related. Valley 
network density is a product of the total valley length in the watershed area and that 
watershed area, and should be discounted. Total length of zero order streams is also 
related to the number of zero order streams. Stream slope / gradient is a product of
Variable Mean East 
Facing Value
Mean South 
Facing Value
Blue Line Stream Length / km 0.297 0.639
Watershed Area / km^ 0.178 0.327
Number of Zero Order Streams in Watershed Area 1.345 2.425
Contour Crenulated Valley Length / km 0.372 0.700
Mesh Length Extension Valley Length / km 0.597 1.091
Total Valley Network Length in Watershed Area / km 0.573 1.196
Difference Between Mesh Length Extension and Blue Line
Drainage Density / km km'^
0.444 0.868
Difference Between Contour Crenulated and Blue Line
Drainage Density / km km'^
0.276 0.557
Table 5.6.6-B: Results of ANOVA between east and soutb facing streams
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No Significant Variation Significant Variation p-value Variation Betiveen 
Which Quadrates
Blue-line Drainage Density / Blue Line Stream Length / km 0.0005 East & South
km*‘
Minimum Blue-Line Stream 
Height
Maximum Blue-Line Stream 
Height
0.0006 North & East
Contour Crenulated 
Drainage Density / km"'
Stream Gradient 
m m"'
0.0018 North & South
Mesh Length Extension Stream Slope / Degrees 0.0015 North & South
Drainage Density / km.,
Mean Stream Height / m Number of Zero Order Streams in 
Watershed Area
0.0018 East & South
Contour Crenulated Valley Length 
/ km
0.0019 East & South
Mesh Length Extension Valley 
Length / km
0.0013 East & South
Total Valley Network Length in 
Watershed Area / km
0.0005 East & South
Difference Between Mesh Length 
Extension and Blue Line Drainage 
Density / km km"^
0.0019 East & South
Difference Between Contour 
Crenulated and Blue Line 
Drainage Density / km km"^
0.0026 East & South
Table 5.6.6-C: Results o f ANOVA test on stream aspect 
Stream height and blue-line stream length.
This aside, it is interesting that, with the exception of stream slope / gradient 
and maximum blue-line stream height, all variables showing significant differences 
with changing aspect show differences between the East facing and South facing 
quadrants. For stream slope / gradient the difference between the North and South 
facing quadrants is probably due to the form of Jersey, with the highest region of the 
Island being in the North. The proximity of this area to the sea produces the steeper 
catchments.
The differences between the South and East facing quadrants are more 
interesting (Table 5.6.6-B), especially given the range of variables that display this 
difference. Differences in underlying geology can not explain this difference. Likewise 
localised factors offer little explanation, the variations shown above occurs across the 
whole island. This difference could possibly be due to differing radiation receipts and 
mean temperatures during periglacial conditions. Theoretically, when the sun has just 
risen temperatures will be lower than at mid-day, when the sun is, broadly speaking, in 
the Southern quadrant of the sky. This would lead to decreased snow melt and slope 
activity in the East facing quadrants, when compared to the South facing quadrant. 
Whether this difference in temperature of itself would be significant is questionable.
Andrew Wright, PhD Thesis, Roehampton Institute London, June 1997
Page 129
The Palaeohydrology o f Jersey; Chapter 5, Morphometry. 
This difference, however slight, might be sufficient to alter processes of network
development sufficiently to cause the above differences.
5.6.7 Drainage Density and Area
5-6.7.1 Introduction
As noted in section 5.2.8.3 the issue of the variation of drainage density with 
area is poorly researched. Partly this is due to the problems of finding locations where 
any variation of drainage density is solely due variations of catchment area and not 
changes in other parameters such as geology, regional slope, or land use. Ideally re­
search should take place in homogeneous regions to minimise such variations, however 
this is seldom possible. I t is with some caution that such research is conducted on Jer­
sey, focused St. Peter’s and Trinity catchments. These are the largest catchments on the 
Island, chosen because the use of such large catchments should, it is hoped, minimise the 
impact of localised variations, which would be more likely in smaller catchments. 
Both are Strahler order 4, with Shreve magnitudes of 99 (St. Peter’s) and 72 (Trinity). 
This analysis will focus initially on variations in drainage density between the catch­
ments, and between the different stream orders that compose the catchments. Then 
variations with area per se will be considered. Technically, this analysis does not con­
cern drainage density, i.e. the density of ‘blue line’ streams, rather, this section will 
discuss Valley Network Density (or VND), incorporating the extended network de­
limited by contour crenulations.
5.6.7.2 Inter-Catchment and Inter-Order Variations.
This analysis focused on stream links, so when a second order stream is dis­
cussed, this refers only to the length of that second order stream and the area directly 
drained by that stream. The two first order streams that form the second order stream 
are not incorporated in the second order stream. It was decided to take this approach 
rather than incorporating the first order streams as this would have complicated and 
possibly invalidated the analysis. Had first orders been included, then a comparison of 
first and second order catchments would have involved some degree of data replica­
tion, with first order catchments being compared with the average of first and second 
orders. Although it is arguable that the use of second order links is not as valid as sec­
ond order catchments, this approach was used rather than confuse the analysis with the 
replication of first order catchments within the second orders. Together, the catchments 
are composed of 264 streams (or sub-catchments). Clearly it is not practical to repro­
duce individual VND values for each stream, therefore mean, minimum and maximum
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values for each stream order within each catchment are given (in km km'^). These are
shown in Table 5.6.7-A.
Catchment Order No o f Streams Minimum Mean Maximum
St. Peter’s 1 114 0.30 4.22 11.05
2 31 0.11 8.88 76.43
3 5 0.54 4.88 13.36
4 1 3.03
T rinity 1 87 0.44 4.59 23.31
2 19 0.61 5.07 13.33
3 4 5.82 10.184 20.10
4 1 3.05
Table 5.6.7-A: Summary of VND values for St. Peter’s and Trinity 
Slight differences can be seen between the different catchments, with St. Peter’s 
producing slightly higher values of VND than Trinity. An A N O V A  shows that this 
difference is not statistically significant (significance level is p < 0.05), with a F-test 
value 0.2 and a probability of 0.6211. Given the geographical proximity of two catch­
ments, the only real difference between the two is the differing geologies. Hence it is 
not surprising that little or no differences have been found between VND in the two 
catchments.
There are also very slight differences between stream orders within the two 
catchments. An analysis shows that at a significance level of p < 0.05, the only statisti­
cally significant differences in VND are between the Trinity first order catchments 
and the St. Peter’s second orders (F-test result is 2.0) and between the first and second 
order streams in St. Peter’s (F-test value is 2.6). It would appear that this is a result of 
a single extremely high value of VND for the stream A PSj of 76 km km^. (Note the 
‘A’ prefix is used as this is actually the fourth data set collected on St. Peter’s.) 'When 
this value is removed, the differences between the St. Peter’s second order streams and 
the first order streams in Trinity and St. Peter’s disappears. Hence it would seem that 
there are very few, if  any, statistically significant differences (significance level is p < 
0.05) in VN D  values either between the catchments, or between the different stream 
orders within the two catchments. This apparent homogeneity can be explained by the 
geographical proximity of the two catchments. This means that few of the key envi­
ronmental influences on VND vary between the catchments, and hence there is very lit­
tle likelihood that these could impact on VND. The only environmental factor that 
does vary between the catchments is geology, and there are no statistically significant 
differences (significance level is p < 0.05) in 'VND values on different geologies as dis­
cussed in section 5.6.3.
It is possible that the two geologies are not sufficiently different to produce
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variations in VND, although this is unlikely given the differences between sedimentary
and volcanic rocks. If, as suggested in chapter 4, the valleys formed by snow melt ero­
sion during a period of extensive permafrost cover, then could the presence of perma­
frost negate geological variations? Certainly permafrost would be expected to prevent 
infiltration. However, for valley erosion, geology remains important. Even allowing for 
possible frost shattering, the geology would still have to be eroded, and a volcanic rock 
would be expected to be more resistant to erosion. Possibly the slightly higher VND 
in St. Peters is a result of the ‘softer, more easier eroded Jersey Shales. However, these 
differences are not statistically significant (at a significance level of p < 0.05). This 
would seem to suggest that geological differences are not important. A possible expla­
nation for this is that during valley erosion stream erosive power is so high that geo­
logical differences become irrelevant, hence the lack of significant differences between 
the two catchments.
Given that there are virtually no statistically significant (p < 0.05) variations in 
VND either between the two catchments or between the different stream orders that 
compose the two catchments, it seems reasonable to suggest that the two catchment rep­
resent a similar population, and a possible relationship between VND  and area can be 
examined.
5.6.73 Valley Network Density and Area
The first question that this section must address is whether VND can be related 
to area. Even this sentence makes an assumption, that VND is independent of area, and 
that area can be treated as a fully independent variable. This problem arises from the 
nature of VND (as Valley Length/Area). How can the ratio of Valley Length/Area be 
independent of area? This is an issue that is discussed in a variety of places within this 
thesis and elsewhere and is related to the interpretation of stream networks as allomet- 
ric, topologically randoin and fractal structures. See section 5.2.8.3 for a more com­
plete discussion on the issues involved in this problem, and Chayes (1970) for the statis­
tical validity of ratio correlation. Again these are issues that are discussed elsewhere 
within this thesis. However, it is worth repeating that: the allometric interpretation 
views VND as being dependent on area; the random topology view is that V ND is in­
dependent of area; and for the fractal model, either solution is possible depending on 
the value of the fractal dimension of the stream network. Pethick (1975) takes a more 
philosophical approach, questioning whether drainage density can indeed be related to 
area. This study will assume that such an analysis is valid, and that area may be used as
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the independent variable. This position will be reviewed as necessary.
Firstly data for both catchments were aggregated, and plotted against area. 
Linear regression between the two was conducted. This produced an extremely weak, 
and non-significant relationship. A variety of types of regression were tested, and it was 
found that a power regression produced the strongest regression. This is shown in Figure
5.6.7-A. Note that this regression is not statistically significant (significance level is p 
< 0.05). Because the VND data covers three orders of magnitude, these data are plotted 
on a log scale.
All Trinity and St. Peter's VND-Area Data
100.00 Trinity 
y = 2.0993x“^ ’  ^
FP =0.14
10.00
1.00
Sto
2.0001.5001.0000.500
Catchment Area /  km'^2
Figure 5.6.7-A: A  plot o f  all the V N D  and area values for both Trinity (x) and St. Peter’s (o). Note the
Log y-axis
Figure 5.6.7-A demonstrates the complexity of this analysis, with the VND- 
catchment area relationships for both catchments being nonlinear. The nature of the two 
relationships is fairly similar, reflecting the similar nature of the two catchments. 
Flowever, at a significance level of p < 0.05, neither of these relationships are statisti­
cally significant. Although this shows no statistically significant relationship between 
VND and area, it was decided that there might be merit in examining VND differ­
ences between sub-catchment orders within the two catchments. Regression analyses for 
VND against sub-catchment area produces the relationships shown in Table 5.6.7-B. I t 
should be stressed that, with the exception of the second order streams in Trinity, none 
of these relationships are statistically significant (significance level p < 0.05).
The negative relationship for Trinity second orders indicates that as sub­
catchment area increases VND decreases. %his relationship was suggested by La Barbera
and Rosso (1990) in an investigation of the fractal properties of drainage networks (see
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Catchment Order Recession Equation id value Si^nificantl
T r in ity First y = 2.44l4x-^'""" 0.0603 N o
Second y = 1.3385x-°"‘^ ‘^ 0.5887 YES
T h ird y = 3.6475x-°-'” ' 0.2797 N o
St. Peter’s First y=1.4483x-°-^"^ 0.1737 N o
Second y = 0.7033x*°-5‘^ ®^ 0.3069 N  0
T h ird v = 0.959 lx-°-^ '^ ^ 0.5593 N  0
Table 5.6.7-B: Regression relationships between VND and area for Trinity and
St. Peter’s.
chapter 6). Furthermore the relationships indicate that there is a rapid rate of decrease 
in VND as area increases for small catchments. However the rate of decrease itself de­
clines as area increases. This can be interpreted as suggesting that the smaller catch­
ments might have more intense erosion processes, giving a higher VND. As catchment 
area increases, so the amount of fluvial activity per unit area declines, giving the lower 
VND. Gardiner et at (1977) also discuss this issue (see their figure 2), suggesting that 
due to the packing of drainage (or sub-catchment) areas, a decrease in VND with in­
creasing area will arise.
This analysis assumes that any relationship between V ND and area is determi­
nistic. Just as with valley asymmetry, it is possible that the relationship between VND 
and area is not deterministic, and that a more appropriate model would be a strange 
attractor (in other words, the pattern of points mapped out in phase space when the re­
sults of a nonlinear equation are plotted, see also section 7.9.5). I t would seem that the 
key controls on VND are geological factors (soil, infiltration, rock resistance, etc.) and 
climate (precipitation type, duration, intensity, annual patterns, temperature, etc.) I t is 
quite easy to picture a three dimensional strange attractor relating ‘geology’, ‘climate’ 
and VND. Could catchment area be added as a fourth dimension? Certainly, and this 
would probably provide the best explanation of how VND varies. Once more, this is a 
complex system, composed of many interacting parts. I t was decided that expressing 
the variability of drainage density was best accomplished using a flow chart, see Figure
5.6.7-B. This is an attempt at visualising the explanation of the interaction between 
drainage density and catchment area.
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5.6.8 Valleys and Tectonic Structure
Jersey has been subject to several phases of tectonic activity during the pre- 
Cambrian (see section 2.2). These have left a record of faults and folds across the 
island. Fold structures have little apparent effect on the island today, certainly no 
dramatic surface expression of the folds are visible. However, faulting may have had a 
more significant impact on the landforms of the island. The upper reaches of St. Peter’s 
valley have been related to the underlying fault (Bishop and Bisson, 1989; Renouf, 
1993), it would also appear that sections of Rozel valley, and the lower reaches of the 
Trinity catchment within St. Helier, overlie faults. In these cases, there is a clear link 
between the gross morphology of the valley and the fault, with the valley more or less 
following the position of the fault. This is most likely to be a product of the valley 
formation exploiting the structural weakness of the fault and the valley following its 
location.
Faults do affect the route of a valley. However, they do not appear to be 
particularly important across the whole island. Figure 5.6.8-A shows the location of the 
major faults across the island, together with the main valley networks. Such features 
could affect the course of a valley, for example by providing a region of reduced 
erosion resistance, along which a stream will erode preferentially. Clearly there are 
locations where valley location is related to fault position, for example the upper 
reaches of St. Peter’s valley. However, there are more places where valleys do not
km
Mator Faults 
Main Valleys
Figure 5.6.8-A: Location o f major faults and valleys
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appear to be related to fault location, than where there is a clear superimposition. For
example, there are around 50 major faults on the Island, if  ‘major’ is defined as a
feature that is over 100 m long on a geological map. However, of these 50 or so faults,
there are only 12 cases where faults and valleys appear to coincide. This is defined as
happening where a considerable proportion (> 50%) of a fault’s length matches the
position of the fault. This would seem to suggest that whilst faults do have some
influence over the path of a valley, there is no absolute control, indeed there are more
cases of faults without valleys than there are of faults and valleys coinciding. So from
this it can be suggested that whilst faults seem to influence the course of some valleys,
other factors are equally, if not more, important than fault location in influencing valley
course.
5.6.9 The Jarvis (1972) E Index
The E index was developed by Jarvis (1972) as an alternative measure of 
network topologic structure. The index gives more detail than the various ordering 
systems, however is not as complex as Smart’s (1969) ambilateral classes. For a given 
catchment the index can be calculated from Equation 5.8:
Equation 5.8
Where E is the E index, M is the magnitude of a given point, and H is the link 
distance of that point (the number of links to the catchment mouth). Subscripts i and e 
represent interior and exterior links respectively. Jarvis suggests that the E index gives 
precise detail on the network structure, combining information on network size and the 
amount of headward development of a given link, indexed by the Shreve magnitude, as 
well as the degree of compactness and down stream topology of a given link, from the 
link distance. The index can also be interpreted to give information on the degree of 
network compactness, or the extent to which the network ‘fills space’. As such the E- 
index is comparable to both drainage density and the fractal dimension hence 
application to the Jersey catchments would be of immediate value to this study.
When the index was applied to the Jersey catchments, the values given in Table 
5.6.9-A were produced. These data generally show that higher Strahler orders produce 
higher values of the E index, similarly, higher Shreve magnitudes lead to higher values 
of the E index. For a given Strahler order or Shreve magnitude, Jarvis (pp 1267) sug­
gests that higher values of the index indicate a greater degree of headward extension or
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Catchment Strahler Mean Valley Network 
Order Density ! km km'^
Shreve
Magnitude
E-Index
St. Peter 5.4 99 10.54
T rin ity 4 3.7 72 8.68
St. Lawrence 3 3.8 56 10.66
G rouville 3 2.4 51 6.85
St. John 3 3.6 45 7.82
La Vallée des Vaux 3 3.7 39 11.04
La Val de la Mare 4 2.9 35 5 3 3
Rozel 4 3.6 32 6.32
Les Quennevais 3 4.6 32 6.82
Le Vallee des Lécq 3 3.5 24 4.12
St. Nicholas 3 5.4 18 4.6
St. Ouen 3 3.4 16 3.57
La Vaux de Rozel 3 . 4.3 12 2.88
Bonne Nuit 3 2.4 12 1
Boulay 3 3.8 11 2.74
La Fosse 3 4.8 10 1.94
La Vallée des Mouriers 3 1.5 10 2.76
Le Petit Port 3 5.0 8 1.89
La Grande Cueillette 2 5.3 7 1.44
St. Saviour 2 2.0 7 2.14
Le Coupés 2 3.9 7 2.26
St. Brelade 2 2.7 4 1.23
La Rochque Onvoy 2 1.6 4 1.23
La Bas Rozel 2 4.7 3 0.875
La Cocagne 2 4.7 3 1.14
Faldouet 2 2.5 3 1.14
Table 5.6.9-A: Value of the Jarvis (1972) E-index for the Jersey catchments 
a more elongate network, whilst low values indicate a less elongated or ‘wider’ net­
work. This seems to be confirmed by the Jersey data, the large elongate catchments of 
St. Peter’s, St Lawrence and La Vallée des Vaux produce the highest values of the in­
dex. The ‘wider’ and more dendritic catchments, such as St. John and Trinity produce 
lower values. Similarly although both St. Peter’s and Trinity are fourth order catch­
ments, of a similar area, the St. Peter’s network is more compact, having a higher val­
ley network density. This is reflected in the higher value of the E index for St. Peter’s. 
So, the index can be used to quantify descriptions of networks as ‘wide’ or ‘compact’. 
In this sense the index provides nothing new. However the main advantage of the index 
over, for example, drainage density is that the E index requires no measurements to be 
taken, relying instead on counts of link distance and Shreve magnitude. This is much 
quicker than taking measurements, so allows quantitative descriptions of networks, al­
beit not as precise measurement based approaches.
However, complicating this discussion, it seems that the E index varies with 
network ‘size’. I t was decided to quantify this, and examine any possible variations
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Area And E-Index
1 0 -
TJ
y = 2.418Ln(x) + 3.0286 
R2 = 0.7011
Figure 5.6.9-A: The E index and catchment area 
with increasing area, order and magnitude. Looking firstly at catchment area, a variety 
of regression models were tested, and it was determined that the strongest model was a 
Log regression. This produced a statistically significant relationship (at a significance 
level of p < 0.05), with an value of 0.70. This relationship is shown in Figure 5.6.9-A.
This would suggest that the E index increases with catchment area, however, the 
rate of increase decreases. This could suggest that very large catchments would tend to 
produce similar values of the E index, even for further increases in catchment area. 
However, as noted elsewhere, catchment area may not be the best index of catchment 
‘size’. So, looking at catchment Strahler order, again this produces a statistically sig-
Strahler Order And E-index
•o
V = 3.2056X - 4.8537 
R2 = 0.4306
3.52.5
Strahler Order
Figure 5.6.9-B: Strahler Order and E index
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nificant relationship (at a significance level of p < 0.05), of increasing E index with
catchment order, as shown in Figure 5.6.9-B.
It is interesting to note that the range in values of the index is higher for third 
order catchments (10.04) than for either second (1.39) or fourth orders (5.21). This is 
likely to be a result of more third order catchments being present, rather than any fun­
damental difference between the different orders. However, it is noticeable that the 
range of values for fourth order catchments is higher than for the second orders. This 
might indicate that as order increases, the range of values that the E index produces 
might be expected to increase, suggesting again that the index maybe of lim ited value 
for extremely large (high order) catchments. However, given that there are only three 
values of range, a regression analysis would be of lim ited validity. Additionally a 
Mann-Whitney U test comparing the range for second and fourth order catchments 
shown no significant difference (at a significance level of p < 0.05), producing a p value 
of 0.3173. So it can be suggested that there is a trend for the E index to increase with 
increasing Strahler order. However it seems that at higher orders, the range of values 
produced by the index also increases, although it was not possible to prove this conclu­
sively.
Having examined possible variations with Strahler order, it was decided to de­
termine whether there was any variation with Shreve magnitude. Once again, this does 
show a trend of higher E index in larger catchments which is statistically significant (at 
a significance level of p < 0.05), having an ^  value of 0.80. However, it more interesting
E-Index Verses Shreve Magnitude
i • E-index; 4th 
; A. E-index; 3rd 
J X E-index; 2nd
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Figure 5.6.9-C: Shreve magnitude and E index
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to note, that when the data set is broken down by Strahler order, three distinct relation­
ships emerge (Figure 5.6.9-C) note that all three are statistically significant relation­
ships (at a significance level of p < 0.05).
This plot confirms the trend of increasing E index with catchment ‘size’. How­
ever, this shows that for higher orders, the rate of increase of the E index decreases with 
increasing magnitude. Again this raises the possibility that very large catchments would 
not show any increase in the index as magnitude increases. Furthermore, given the small 
size of the Jersey catchments, and the low gradient of the relationship for fourth order 
catchments, it is questionable whether any relationship would be meaningful for any 
larger catchments. I t  is interesting to note that this agrees with the example given by 
Jarvis ( pp 1270), of catchments in the Southern Uplands of Scotland. Hence the value 
of the index is beginning to look limited. This is a result of the index being based on 
counts rather than measurements. The value of the index is that it provides a quick 
measurement of network structure, it should not be assumed to be too detailed, and 
hence can not be expected to be as rigorous as other parameters of network form such as 
drainage density. I t  is, however, more detailed than measures such as order or magni­
tude, hence this is the value of the E index, in providing a quick, comparatively simple 
insight into the structure of small networks.
5.7 Drainage Density-Dlscharge Relationships
The morphometry of the Jersey valleys has given some insight into the form of 
the valleys. However, it has to be said, such insight only results from the selection of 
parameters, the definition of these, and how these relate to landforms. However, mor­
phometry can be used to give far more information than just valley form. A fundamen­
tal aim of this project is to estimate the valley forming discharge of the valleys, and 
morphometry can be used for this too. This section will examine the background to 
such approaches, from the morphometric standpoint. These approaches will be put into 
practice in chapter 8.
Carlston (1963) is probably the key paper in all attempts to produce drainage 
density-discharge relationships. Carlston attempts to relate drainage density to terrain 
transmissibility, and takes data from 15 catchments across New England. Regression is 
used to relate drainage density to base flow and the discharge of the mean annual flood. 
However Carlston decides that in order to make allowance for the Jacob Watertable 
Model, when regression was attempted, the gradient of the drainage density-discharge
plot was fixed at 2. This is due to the cross-sectional shape of the watertable below the
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watershed being a parabola. This severely limits the workings of the regression analysis.
However, the suggested relationship between base flow and discharge is:
Equation 5.9
Where is the catchment base flow discharge (in cubic feet per second) per 
square mile, and Dj is drainage density in miles miles' .^ Carlston argued for the inverse 
relationship between drainage density and base flow as base flow is maintained by 
ground water. The amount of ground water will be controlled by the terrain transmissi­
bility. Areas with a low transmissibility will have a high drainage density, as most of 
the precipitation will be unable to infiltrate, and will run off. Carlston argued further, 
that a positive relationship would exist between drainage density and flood runoff. 
This difference occurs as flood nmoff is supplied by overland flow and the amount of 
overland flow will display an inverse relationship to tranmissibility. Therefore, the 
relationship between drainage density and flood discharge is;
Q  2.33 “
Equation 5.10
Where Q  233 is the mean annual flood discharge (in cubic feet per second) per 
square mile, with a recurrence interval of 2.33 years. Dj is drainage density in miles 
miles'^.
Wong (1963) also attempted to predict the mean annual flood in New England 
from morphometric parameters. This included the logarithm of drainage density as 
one of a series of variables in the predicative equation, although in this case drainage 
density is said to contribute little towards the prediction. Wong does find that main 
stream length and average stream slope provide a satisfactory level of explanation. It is 
arguable that, at least in the case of main stream length, this is not surprising. Larger 
catchments, with longer main streams, will produce larger stream discharges, simply as 
a product of the greater catchment area.
Following criticism by Cotton (1964), Carlston (1965) returned to the rela­
tionship between drainage density and baseflow. Here Carlston introduced a modifica­
tion to the relationship to allow for groundwater recharge, which was assumed to be 
roughly proportional to precipitation. The relationship becomes:
Qb “
Equation 511
Where Q, is the discharge (in cubic feet per second) per square mile of the base
flow, and Dj is drainage density in miles'h Gregory and Walling (1968) built on the
foundations of Carlston. They attempted to relate drainage density to discharge and
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discovered that drainage density is a highly variable parameter. The drainage density-
discharge relationships produced attempted to reflect this. However, like all drainage 
density-discharge relationships, close examination of the data plots reveals large depar­
tures from the regression relationship.
Carlston (1968) took the relation of morphometric parameters to stream dis­
charge still further. Carlston attempted to relate discharge to basin slope. This analysis 
produced some acceptable correlation for some basins, however other basins displayed 
little or no correlation. As a result Carlston did not develop this kind of morphomet­
ric analysis any further.
Trainer (1969) suggests that drainage density is inversely related to base-flow. 
Note that this implies regions with low drainage densities will produce high stream 
discharges, which sounds a little illogical. This relationship is based on data from ten 
river basins, and uses discharge records that cover about a year. The relationship was 
checked against gauged data. The predictions using drainage density are “within 45% 
of the estimate” (pp C l77) of discharge produced by hydrograph separation. This weak 
agreement is not unsurprising, given the problems of using drainage density-discharge 
relationships, and the short duration of the discharge record used.
Orsborn (1970) repeats Carlston (1963) and Horton (1945) that base flow is 
proportional to drainage density to the power minus two. Orsborn provides a reason­
able justification, if base flow is supplied from groundwater, and flood flow from sur­
face (and overland) flow, then flood flow should behave in the opposite direction to 
base flow. So, there is an inverse relationship between surface flow and infiltration, so 
surface flow (including the mean annual flood) will have a direct relationship with
drainage density, i.e. Q  a  D /. Orsborn concludes the relationship for glaciated terrain
is not greatly different than for non-glaciated regions. This is rather disturbing as one 
would expect differences between the morphometry of such diverse regions, which 
would lead to differences in drainage density-discharge relationships. An explanation 
of this apparent similarity may be that both Carlston and Orsborn recorded blue-line 
drainage density rather than the valley network density. Differences between valley 
network densities would be expected between glaciated and non-glaciated regions.
Against this. Woodruff and Hewlett (1970) suggest that drainage density, and 
planimetric parameters in general, are not useful for predicting discharge. Woodruff 
and Hewlett study variations across the eastern USA, from New York to Alabama, and 
incorporate basins ranging in size from 2 to 100 square miles. I t is possible that conti-
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nental scale variations in climate, geology, human impact, and topography produce the
non-significant relationship between drainage density and discharge. Drainage density 
might be a relatively minor influence on discharge in comparison to these factors. In­
deed, Woodruff and Hewlett suggest that geology is a more important factor. Given 
the potential differences in geology across this area, it is likely that this will appear as 
a more significant influence on discharge than drainage density.
Calver et (1972) evaluate the applicability of predictive hydrological mod­
els in large and small catchments. A drainage density-discharge plot is also included, 
using data from Carlston (1963), Gregory and Walling (1968) and the East Twin 
catchment, Somerset, using data collected from 1:63,360 maps. Unfortunately the ac­
tual data for this plot is not included, limiting the value of this study. This plot is log- 
log and appears to be non-linear. Calver et al note a linear increase of discharge with 
area but a 2.6-2.7 power function with drainage density. They also discusses some of 
the potential errors, including lag times.
Haan and Allen (1972) used multiple regression and principal component 
analysis to investigate whether water yield could be determined from morphometric 
parameters. They conclude that drainage density is an insignificant component. Tho­
mas and Benson (1975) use multiple regression to find relationships between flow char­
acteristics and basin parameters. They find that stream flow characteristics can be more 
accurately defined for humid Eastern and Southern regions of the US, than the arid 
West and Central regions, and that medium flows are more accurately defined than 
high flows. Drainage density is not used directly, however area and main stream length 
and mean flow distance are. Benson and Thomas note that many of the variables are 
highly inter-related. Unfortunately they simply note which parameters are significant in 
explaining stream flow, not the nature of the relationship. The strengths of some of the 
relationships are, in some cases, rather poor. This approach is similar to that of the In­
stitute of Hydrology (1975) which focused on Britain and Ireland. Again relationships 
are found between morphometric parameters and flood characteristics, unfortunately 
drainage density is not used directly.
Chang and Boyer (1977) also attempt to use watershed and climatic parameters 
to estimate basin low flow. This is reasonably successful, with watershed perimeter 
alone accounting for 88% of the spatial variability of seven day low flows. Inclusion of 
main channel length and watershed form in this multiple regression analysis increases 
this to 95% and inclusion of precipitation and temperature gives 99.9%. This indicates
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that watershed parameters better explain low flow than climatic variables. Chang and
Boyer note that Frye and Runner’s (1970) attempt to fit a regression relationship be­
tween morphometry and low flows on the Ohio river was not possible because of the 
large standard error involved. Additionally Chang and Boyer note (pp 997) that; 
“Stream lotu-flow characteristics are so highly dependent upon watershed topography, cli­
mate and land use that no single parameter nor any one o f  the three category ^oups... can 
explain them completely.” this statement is most probably quite valid few 
other researchers seem to have realised the importance of this.
Gurnell (1978) compares drainage density-discharge plots for the New Forest 
with other British data, finding a reasonable agreement. Gurnell’s work is unusual in 
plotting multiple drainage density-discharge relationships for differing geologies. 
This does indicate the impact of geology on such relationships. Unfortunately Gurnell 
does not analyse this data any further and does not present any relationships.
Dingman (1978) discusses the value of drainage density in discharge predic­
tions, suggesting that it is of limited value, but that ‘effective drainage density’ may be 
of greater use. Effective drainage density is the length of valleys (as opposed to chan­
nels) per unit area. This would ignore the sinuous path of a meandering channel and 
measure only the length of the valley it occupies, but would include dry sections of the 
drainage network. Dingman suggests that there are several fundamental problems with 
Carlston-type drainage density-discharge relationships. These include the use of the 
Jacob watertable model. Dingman also notes that none of the Patton and Baker (1976) 
correlation coefficients are statistically significant (significance level is p < 0.05).
Gregory and Gardiner (1979) reply to Dingman’s (1978) comments and sug­
gest that Dingman does not allow for two areas of research. These are the dynamic na­
ture of drainage density, and accuracy of network delimitation. Gregory and Gardiner 
note that drainage density uses an idealised depiction of the network, and therefore will 
be difficult to relate to discharge. Dingman (1979) agrees with these points, and claims 
that they strengthen his doubts on the use of drainage density for discharge prediction.
The dynamic nature of drainage density was first noted by Gregory and W all­
ing (1968) as a possible problem for the Carlston (1963) relationship (as noted above). 
The issues involved with this are further discussed by Gardiner and Gregory (1982), 
together with previous reports of variation. Gardiner and Gregory point to some of the 
problems that the dynamic nature of drainage density creates for any attempt to relate 
it to either precipitation or discharge. They also suggest a framework o f how these
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problems might be overcome, and give advice on the direction of any future research to
allow for dynamic drainage density.
For the present, whilst the issues created by the dynamic nature of drainage den­
sity are noted, it is important to remember that it focuses on the density of the valley 
networks as preserved today. O f course when the valleys were active drainage density 
would have varied, but unfortunately there is no preserved evidence of the degree of this 
variation. What is preserved is the maximum network extent, which could be assumed 
to represent the maximum drainage density when the valleys were active. Given that 
this study is an investigation of the origins and formation of the valleys, any attempt to 
estimate valley formation discharge from the morphometry can only use what evidence 
is available. In this case that is the preserved maximum drainage density, a single static 
value. This does not mean the dynamic nature of drainage density can be ignored, but 
for this study, without any data on the variation in drainage density when the valleys 
were active, it is impossible to speculate on how this could affect any attempt to 
model discharge from drainage density. Hence, it is with regret that this study will 
default to using drainage density as a static parameter.
Cheetham (1980) reanalysed Carlston’s (1965) data, following a conversion to 
metric units. This analysis ignored the Jacob Watertable Model and hence ignored the 
requirement that the gradient in the regression should be held at 2. The Cheetham rela­
tionship is discussed in greater detail in chapters 8 where it is applied to the Jersey 
data. Finally Abrahams and Ponczynski (1984) look at the relationship between drain­
age density and precipitation. They note that the majority of research has tended to 
focus on relationships between drainage density and mean annual precipitation. They 
argue that precipitation intensity would be a more valuable parameter, and attempt to 
find a relationship between the two. The resultant plot is extremely noisy and the weak 
curve drawn through the data points to a very complex, non-linear relationship between 
the two.
5.8 Conclusion
This chapter has discussed the morphometry of the Jersey valleys. Whilst this 
has provided a useful comparison with other drainage networks elsewhere, on its ovm 
this does not provide any further information on the mode of formation of the valleys. 
This will be covered in further depth over the next three chapters, which continue to'in- 
vestigate the morphology of the networks. Chapter 6 will determine whether the valleys
networks are fractal structures whilst chapter 7 will investigate the cross-sectional form
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of the valleys. Finally chapter 8 will investigate the possible mode o f valley formation
in more detail, and attempt to estimate the valley forming stream discharge.
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6 . T h e  F r a c ia l  In t e r p r e t a t io n  o f  St r e a m  L in e s
6.1 Introduction
The interpretation of stream lines as fractal structures is generating increasing
attention. This has arisen from the suggestion of Mandelbrot (1983) that stream lines
are fractal objects. Stream lines on a map may be regarded as a mathematical curve, a
simple line is one-dimensional, or more precisely it has a topolo^cal dimension of 1.0.
For any line or curve to be fractal, its number o f dimensions must be a non-integer (or
fractional) value. Mandelbrot (1983) suggests that the fractal dimension (henceforth
referred to a D) of a drainage networks is between 1.1 and 1.2 (Mandelbrot, 1983, pp
332). This section will examine both whether the individual Jersey streams (or more
correctly; the valleys) are fractal and whether the valley networks as a whole display
fractal properties. Furthermore, the fractal dimension D can be seen as being analogous
to drainage density, Dd, both are measures of the degree to which a drainage network 
fills space.
As noted in section 5.2.6, several methods exist to estimate the fractal
dimension of streams and stream networks. Five approaches appear to be realistic for 
this study; ^
• Deriving D from the main stream length-area relationship (Mandelbrot, 1983),
• The Horton ratios’ method independently suggested by Tarboton et al (1988), and 
La Barbera and Rosso (1989),
• The ‘Richardson’ or divider method (Richardson, 1961),
• A modification of the Richardson method suggested by Philips (1993),
• An alternative version of rhe Richardson approach, hased on functional box counting, 
Helmlinger et al (1993).
These methods will be examined, applied, and discussed, in the following 
sections using the Jersey networks. This will not only determine whether these networks 
are fractal objects, hut will attempt to explain the reasoning of why this should be the 
case, and discuss the fractal interpretation of stream networks in general.
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6.2 The Mandelbrot (1983) Approach
6.2.1 Theory
Mandelbrot (1983, chapter 12) investigated the relationships between the 
length, area and volume of objects. Part of this analysis included an investigation of the 
main stream length-drainage basin area relationship, building on the work of Hack 
(1957). The original Hack investigation determined an empirical relationship between 
main stream length and catchment area of:
L = aA*’
Equation 6.1
(From Robert and Roy, 1990, pp 839.) Where Z is main stream length, A  is 
catchment area, a and b are regression constant and exponent respectively.
There are two possible, but apparently contradictory, explanations for this 
relationship. Historically, the first was the aiiometric interpretation given by Hack 
(1957) (although Hack never used the term, his language implies allometry.) Allome- 
try originated in biology, and is the study of how the variation in the size of part of an 
object (organism or drainage basin) is related to changes in the total size of that object 
(Church and Mark, 1980). Hack suggested that if  b = 0.5, this would indicate isometry 
in drainage basins, in other words, no relative changes in the size and shape of part of a 
basin as the size of the whole increased. As b was found to equal 0.6, then Hack took 
this to indicate allometry, that there was a change in the relationship between part of the 
drainage network, and the size of the basin as a whole as total size increased. Hack 
interpreted this to mean that large basins are more elongated than smaller basins 
(Church and Mark, 1980).
In the terminology of Mandelbrot, an isometric object (b = 0.5) is self-similar, 
in other words, has the same visual form and mathematical description at all scales. An 
aiiometric object is self affine (fractal) and has the same mathematical description at 
all scales, but visual form changes with scale. Mandelbrot (1983) interprets an exponent 
of 0.6 to indicate fractal behaviour, just as Hack suggested this indicates allometry. 
This is where the apparent contradiction arises. Hack suggests that as total basin size 
increases the basin will become more elongated and the main stream length will 
increase at a faster rate than area, thus changing the main stream length-catchment area 
relationship. However the Mandelbrot fractal model suggests that as basin size increases 
the shape may change, but the relationship between main stream length and catchment 
area will not, this relationship is constant at all scales, contradicting Hack.
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On this note of caution, this study will examine the main steam length-
catchment area relationship for the Jersey catchments, and then attempt to interpret the
meaning of this. As a final point, note that this method estimates an average fractal
dimension of individual stream lines within a whole basin. I t does not estimate the
fractal dimension of a whole network.
6.2.2 Method
This hypothesis was applied to the Jersey catchments. The principal problem
was with Hack’s original 1957 definition o f ‘main stream length’. This is:
“The term length denotes the distance from a locality on a stream to the drainage 
divide at the head o f  the longest stream above it. The measurement is generally 
made on maps or aerial photographs with a map measure, along the stream channel 
and following meanders and bends. ”
- (Hack, 1957, pp 47).
Taking a first order catchment, the main stream length would be the distance
from the stream mouth, to the furthest point on the watershed. This distance is
measured along the blue-line stream line, and then, presumably along the extended
network, defined by the contour crenulations. This measurement of stream length is
equivalent to Horton’s (1945) mesh length extension network, although Hack (1957)
never defined this as such. For second order streams, main stream length is again the
greatest distance along streams from the stream mouth to the watershed, from the
mouth of the second order stream, to the head of that stream, then along the longer of
the two contributing first order streams. However this is not necessarily always the case.
For example, where a particularly long first order stream extends directly off the
second order stream below the second order stream head, see Figure 6.2.2-A.
Gray (1961) used an alternate method of defining the main stream. This takes
the ‘blue line’ stream length from stream head to catchment mouth. A t any tributary
junction, the main stream is defined by the order of the tributaries, the higher order
tributary being the ‘main stream.’ In the event of equal orders, the tributary that makes
the lower angle with the high order stream is taken to be the main stream. For the Jersey
data, the original Hack definition was used.
This analysis required some re-structuring of data, in order to determine the
length of the main stream from existing data, and some new measurement was
necessary. For each individual stream catchment, the main stream length was measured.
For first order ‘blue-line’ catchments, it required the length of the ‘blue-line’ to be
known, plus the length of the longest distance, along the extended network, from the
‘blue-line’ stream head to the watershed. For second order streams, the longest distance
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stream  Orders
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Figure 6.2.2-A: Diagram showing difFerent network configurations and main stream lengths, 
between the mouth of the second order stream and the watershed was determined. 
Typically this is the length of the second order stream, plus the main stream length of 
the longest first order stream, from the second order stream’s head to the watershed. 
For third and fourth order streams, an extension of the methodology for second order 
streams was used.
This analysis utilised the data collected for the earlier morphometric analysis, 
where the data were structured around the ‘blue-line’ or contemporary network. So 
whilst data exists on stream length and sub-catchment area for first order and higher 
streams, for the ‘zero order’ or mesh length extension network, only data on stream 
lengths exist. This is because when these data were collected, data on zero order 
drainage area was not thought necessary, and indeed such data was not needed for that 
research. However, for this analysis such data might well be needed, in order to 
determine the main stream length-area relationship.
It was decided to re-structure the existing data, and where necessary collect new 
data for one catchment (St. Peter’s) in order to determine whether the existing data 
could be used to determine D, or whether a different value of fractal dimension was
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produced. This was conducted and the fractal dimension was calculated. For the new
data, this produced a fractal dimension of 1.12, the r^  value of the regression used to 
estimate this D value was 0.3688 (with 151 degrees of freedom). Using the old data, 
the value of the fractal dimension was 1.14, r^  was 0.8481 (with 56 degrees of free­
dom). Despite the different r^  values, both relationships are statistically significant (p < 
0.05). The two D values were compared using a Mann-Whitney U-test, which (at a 
significance level of p < 0.05) showed that there was no statistically significant 
difference between the two values, p = 0.3173. This suggests that there is no difference 
between the D values produced using the existing data, and data specifically collected 
for this analysis. Therefore it was decided that it was not necessary to collect new data 
for all the other catchments, and that calculation of the fractal dimension could be 
conducted using the existing data.
Using these data, it was then possible to estimate the main stream length- 
catchment area relationship for each of the ‘named’ catchments (Trinity, St. Peter’s, La 
Vallee de Lécq, and so on) studied. This involved collecting together all the data on 
main stream length and area for all of the sub-catchments that make up the ‘named’ 
catchment. This means that all the sub-catchments for each particular catchment were 
collated and a linear regression of log jq catchment area (x-axis) against log main 
stream length (y-axis) was conducted. From this analysis fractal dimension D could be 
estimated as twice the exponent b in Equation 6.1 above. These data are shown in Table 
6.2.2-A, with summary statistics in Table 6.2.2-B and a histogram of D values in
Histogram of Fractal Dimension Values 
calculated by the Mandelbrot, 1982 method
5 -
4
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Figure 6.2.2-B: Flistogram of fractal dimension values for the Jersey catchments calculated by the
Mandelbrot (1983) method
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Figure 6.2.2-B.
Catchment D value r^ Significant
P (old data) 1.14 0.8481 Yes
P (new data) 1.12 0.3688 Yes
T 1.59 0.7564 Yes
L 1.38 0.9044 Yes
G 2.04 0.8141 Yes
Q 1.20 0.9122 Yes
V 1.79 0.6995 Yes
Vm 1.15 0.8559 Yes
J 1.54 0.7071 Yes
Le 0.96 0.804 Yes
R 1.09 0.9358 Yes
N 0.85 0.2827 N o
Gc 1.74 0.99 Yes
O 1.29 0.791 Yes
Rv 0.94 0.6293 N o
S 1.35 0.9911 N o
Fo 0.85 0.5616 N o
Bo 1.01 0.9722 N o
Pp 2.87 0.9368 N o
M 0.98 0.9368 Yes
C 2.12 0.8181 Yes
Rb 0.91 0.9941 Yes
Co 2.23 0.9956 Yes
B 1.05 0.9783 Yes
Bn 0.39 0.3968 N o
F 1.33 0.9733 Yes
Ro 0.58 0.8985 Yes
Table 6.2.2-A: The fractal dimension of the Jersey 
streams as calculated from the mainstream length-area 
relationship.
D value
Mean 1.31 0.81
SD 0.56 0.19
Variance 0.31 0.04
Kurtosis 1.22 1.25
Skewness 1.04 -1.29
Mode N /A 0.56
Median 1.14 0.85
M in 0.39 0.28
Max 1.00
Range 2.48 0.71
25th Percentile 0.96 0.72
75th Percentile 1.58 0.96
Table 6.2.2-B: Summary statistics for 
fractal dimension values calculated from 
the mainstream length-area relationship
This analysis produces a wide range of values (0.39 to 2.87) for fractal 
dimension D, as shown in Table 6.2.2-A. These values do depart from the results of 
Mandelbrot (1983) (D = 1.136), Hjelmfelt (1988) (mean D of 1.158) and Robert and 
Roy (D between 1.092 and 1.296). Whilst several of the Jersey catchments do produce 
results in this range, more do not.
Looking at the data in Table 6.2.2-A there appears to be a relationship between
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catchment size and D value. Hovyever, a simple regression analysis shows that there is
• not a significant relationship between area and D (r^  is 0.0222, significance level is p > 
0.05). Catchment area may not be the best index of catchment ‘size’. It is possible for a 
very large basin to have few streams (i.e. have a low drainage density) whilst a small 
basin could have a much higher drainage density. As a result of this it was decided to 
conduct a further regression of catchment Shreve magnitude against fractal dimension. 
This produced a very ‘noisy’ and non-significant relationship, (r^  = 4.3 x 10^, p = 
0.7503, significance level was p > 0.05). As a final test, an AN OVA was conducted 
comparing the D value for different Strahler catchment orders. This again showed that 
there was no statistically significant difference between the D values for catchments of 
different orders (F value was 6.7 x 10'^ , p was 0.9933, significance level was p > 0.05).
Examination of Table 6.2.2-A above reveals that there are 7 catchments where 
the regression used to calculate D is not statistically significant (at a significance level 
of p < 0.05) compared to 19 where the regression is significant. Note that there is no 
statistically significant difference (p > 0.05) between the values of fractal dimension 
produced for catchments where the relationship between main stream length and area is 
significant and for those were it is not (F is 0.6 and p is 0.4363). There does not appear 
to be a simple relationship involving catchment area. However, as a general trend, the 
larger catchments produce statistically significant results, whilst the smaller catchments 
do not. Against this, several of the very small catchments do produce significant results. 
This is because the regression for these catchments was for around 3 or 4 points, which is 
not a particularly meaningful exercise.
6.2.3 Discussion
It is now possible to consider what the values of D produced actually mean. 
Unfortunately the value of this Mandelbrot method is much weakened by the presence 
of D values of up to 2.87. This extreme value is for the one of the smaller catchments 
studied and where the regression relationship is not statistically significant. This might 
also result from an irregularity with the catchment, or the data collection in that 
catchment. Whilst this might allow one data point to be ignored, 4 out of the 26 
catchments produce D values greater than 2.0. O f those 19 D values that are statistically 
significant, 14 are outside Mandelbrot’s (1983) suggested range of D values between
1.1 and 1.3.
Four of the statistically significant values of D are below 1.0, and three are 
above 2.0. This would appear to be a mathematical impossibility. A stream network is
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composed of a series of individual lines, with topological dimension 1.0. If the stream
lines are fractal, D should be greater than 1.0 but have an absolute upper lim it of 2.0
(plane filling). For D to be greater than 2.0, not only would the stream lines (a) cover
the entire surface, but (b) the streams would have a noticeable depth over the land
surface. Whilst (a) is Hydrologically inconsistent (Phillips, 1993), (b) does have some
hydrological merit. However, the drainage lines in this analysis are not really hydro-
logical features, they are cartographic features. As lines on a map, it is not possible for
them to have measurable depth above the paper surface. Hence this line of analysis is
beginning to look somewhat problematic. Likewise it is not possible for D values to be
less than 1.0, which would imply that the line is incomplete, see section 6.7.4 below for
further discussion of this issue.
A possible explanation for some of these extreme values is that the above data 
incorporates several different basin orders. It might be possible for there to be two 
different values for the fractal dimension of streams. For example, first order, 
headwater streams have a different fractal dimension to second and higher orders. In 
order to test this a brief analysis was conducted. This compared D values for first and 
second order streams in a variety of the Jersey catchments. The results of this AN OVA 
are shown in Table 6.2.3-A.''lt would have been possible to compare first orders against 
all other orders. However, it was felt that this would incorporate any possible variations 
between second and third order streams into the analysis, confusing interpretation. 
Furthermore, the analysis was limited to those catchments with more than 3 second 
order streams, to allow the regression between main stream length and area for these 
streams to be valid.
Catchment D First Order streams D  Second order streams
St. Peter’s 0.86 1.04
St. John 1.52 0.81
La Vallée de Vaux 1.90 1.24
Trinity 1.84 1.20
Grouville 2.22 1.12
La Vallée de la Mare 1.11 0.89
Table 6.2.3-A: Comparison of fractal dimensions between first and second
order streams
This does show an apparent difference between the different orders. An 
AN OVA test of all first orders against all second orders showed that there was a 
small, but statistically significant difference (significance level was p > 0.05, the F-test 
result was 5.7 and probability was 0.0384). So, for each basin in this analysis, D for 
first order streams is different to D for second orders, and collectively this difference 
is statistically significant (p > 0.05). This reflects a difference in the main stream
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length-area relationship between first and second order streams, and a change in this
relationship as area increases. This would tend to suggest that an allometric interpreta­
tion is more appropriate than a fractal one.
Furthermore, the second order catchments incorporate first order catchments, 
and the second order ‘main stream’ is at least partially a first order stream. This would 
tend to suggest that D for second order streams should be the similar to D for first 
order streams. This is because the second order basin incorporates at least two first 
order streams. However, a statistically significant (at a significance level of p < 0.05) 
difference between D values for first and second order streams exists. So this would 
mean that the main stream length-area relationship is different for first and second 
order streams (and this difference is statistically significant). This tends to suggest that 
the allometric interpretation of drainage basins might be at least as appropriate to 
Jersey as the fractal model, i f  not more so. Additionally, this method should not be 
used to estimate the fractal dimension for a whole basin, unless the basin order is 
stated. It is preferable to report the fractal dimension for each order within a basin, and 
when basins are compared, comparisons should be limited to basins of identical orders.
A possible explanation of why the Jersey analysis produced such extremely 
large values for D lies in the,definition of main stream length. I t is possible that later 
workers overlooked this definition, indeed the Strahler (1952) definition of stream 
length, from mouth to stream head is in more widespread use. However, Mandelbrot 
(1983) simply re-used Hack’s (1957) data, so it is unlikely that new data (and hence 
errors) were generated at this stage. The values of D quoted by Hjelmfelt (1988) are 
very similar to those given by Mandelbrot, so it is unlikely that Hjelmfelt is erroneous. 
Furthermore, several of the ‘classical’ morphometric studies of the 1950’s and 1960’s 
discuss the main steam length-area relationship, these include Gray (1961), Leopold et 
(1964), and Smart and Surkan (1967). These all produce estimates for the exponent 
of or slightly above 0.5, giving a fractal dimension around 1.0 or slighdy above.
Robert and Roy (1990) also attempt to estimate D from the main stream 
length-catchment area relationship. However, caution must be exercised when consider­
ing this particular study. Robert and Roy suggest one reason why stream length varies 
with map scale is due to changes in the location of the blue-line stream head. This may 
well be perfectly true. However, this is irrelevant in the use of the Mandelbrot approach. 
Under the original Hack (1957) definition of main stream length, this is taken to be the 
distance between the stream mouth and the watershed above the stream head. The
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location of the blue-line stream head is irrelevant to this analysis, as the location of the
stream head, under the Hack definition, does not affect the main stream length. Hence 
because it appears that Robert and Roy (1990) used a different definition of main 
stream length, some doubt has to be cast on the validity of their data and any subse­
quent analysis. Similarly Gray (1961) uses the more modern definition of stream 
length. Despite this different definition both Gray and Robert and Roy report 
exponents of 0.568 (Gray), and between 0.546 and 0.648 (Robert and Roy). A ll these 
values are within Mandelbrot’s suggested range of 0.5 to 0.6.
6.2.4 Conclusion
Briefly, it may be concluded that the Mandelbrot main stream length- 
catchment area method of estimating the fractal dimension appears to be a valid 
methodology. Previous researchers have produced data to suggest that the fractal 
dimension for individual streams within drainage networks between 1.0 and 1.2. The 
Jersey data appears to agree with this estimate, median D value is 1.14. However, there 
is a great deal of scatter about this point. Hence it is suggested that whilst this model 
may be valid for the Jersey catchments collectively, when individual catchments are 
studied, it appears that the model is not valid for several catchments. A variety of 
possible reasons for this have been suggested, and this will be discussed in further detail 
in section 6.7.3 below. Before this, the alternative methods of estimating D will be 
discussed.
6.3 The Horton Ratios Approach
6.3.1 Theory
This method estimates the fractal dimension of whole networks, and begins 
with the assumption that for a given network, Horton’s ‘laws’ apply. For Jersey, as 
discussed in section 5.6;4, the Horton ‘laws’ do not appear to apply to the ‘blue-line’ 
stream networks, however the valley networks do appear to conform with the so called 
‘laws.’ Taking this assumption, Tarboton et æ/(1988) and La Barbera and Rosso (1989) 
independently developed methods to calculate the fractal dimension from the 
bifurcation and length ratios. Support for this approach is given by Wilson and Storm 
(1993) and Garcia-Ruiz and Otalora (1992). However, this approach has since been 
subject to some criticism (Philips, 1993), not least because of hydrological inconsis­
tencies that result from its application. Tarboton et al (1990) criticise La Barbera and 
Rosso (1989), suggesting that the fractakdimension should be close to 2, as proposed
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by Tarboton et al (1988). Tarboton et al (1990) also criticise La Barbera and Rosso’s
(1989) suggestion of an inverse relationship between drainage density and area. 
Tarboton et al (1990) note that La Barbera and Rosso take data from different 
catchments, not different regions of the same catchment. This introduces possible inter­
catchment drainage density variation in addition to possible scale variations. Map scale 
may also confuses matters, as for smaller basins, more detailed maps are commonly 
used to collect morphometric data, this prevents easily comparison with larger basins, 
mapped using smaller scales. Tarboton et al (1990) conclude that drainage density 
should not be related to scaling properties, and appear to suggest that drainage 
networks may be multi-fractal (i.e. with several fractal dimensions). This is a result of 
the suggestion that there is a lower lim it to the application of Horton’s ‘laws.’ Above 
this scale Horton’s ‘laws’ hold and the fractal dimension is 2, whilst below this scale 
the ‘laws’ are no longer valid and a different fractal dimension is produced. This in 
itself would contradict the suggestion that networks are plane filling with a fractal 
dimension of 2.0. A solution to this appears to be that individual streams are fractal 
objects. A similar conclusion is drawn by Garcia-Ruiz and Otalora (1992) who suggest 
that, whilst streams are fractal and obey Horton’s ‘laws’, they do so only over a narrow 
range of scales, not globally. This would suggest that each catchment would have a 
unique value of D, and hence there is no single global value.
In reply to this La Barbera and Rosso (1990) agree with Tarboton et al (1990) 
that individual streams are fractal. However, they repeat that drainage density 
decreases with increasing area (see chapter 3), and that this “if an inherent property o f  
river networks” fractal objects.) The reason for this disagreement of Tarboton et al
(1990) is suggested to be a product of a relaxation of assumptions by Tarboton et al 
(1990). Alternatively, if river networks are plane filling, then this must be a product of 
bias in data collection resulting from the use of different map scales.
6.3.2 Method
When this approach was applied to the Jersey valley networks, a number of 
problems became apparent. First, it must be noted that the Jersey ‘blue-line’ stream 
networks, in common with most channel networks, are not perfectly ‘Hortonian’. Whilst 
the Jersey networks do approximate to the Horton laws in a broad way, there is not 
perfect agreement. This would suggest that this method is not ideally suited to the 
Jersey valleys. The principal reason why the Jersey valleys do not agree with Horton’s 
‘laws’, is also the principal reason for this research project, namely that the current
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Jersey stream network (the ‘blue-line’ network) forms a part of the larger valley
• network which has contracted to its current state.
Furthermore, because of the data structure developed earlier in this project, the 
existing data on the Jersey networks are not particularly suited to this analysis, and 
hence it was necessary to completely re-measure data afresh. Rather than doing this for 
all of the networks, it was decided to focus on three catchment, La Vallée de Lécq, St. 
Peter’s and Trinity. New tracings were made of these basins, and the streams delim­
ited. In this method, streams were extended along contour crenulations, up to the 
highest crenulated contour (this delimitation is discussed in chapter 5 on morphome­
try). These unbranched ‘headwater’ valleys were classified as being first order, 
classification H. Streams were classified under the same system as before, with one 
difference. As this was actually the fourth set of data collected on La Vallée de Lécq,
all the stream codes were prefixed with a delta symbol ‘A’. Hence the fourth headwater
stream would be ALeH .^
Although some re-measurement was necessary, several of the valleys in the 
original data sets were unchanged in the ‘delta’ data set. For La Vallée de Lécq, 30% 
of the valleys required re-measurement of some kind. Data were collected on La Vallée 
de Lécq, Trinity and St. Peter’s catchments. With this data set complete, it was then 
possible to conduct the analysis. Firstly, a ‘Horton style’ analysis was attempted, and 
the bifurcation (Rb) and length (Rl) ratios were calculated.
Bifurcation Ratio Rb
Rb =
N.
Equation 6.2
Lengths Ratio
Rl =
Equation 6.3
Where N is number of streams of order x in the catchment, x is stream order, 
and L is mean length of streams of order x in the catchment. This produced the data 
shown in Table 6.3.2-A.
This confirms that all three basins are in general ‘agreement’ with Horton’s 
‘laws’, in that general log-linear trends are present on the above plots. It should be 
repeated that Horton’s ‘laws’ this is oT little value considering the “geomorphic
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irrelevance” of the ‘laws’ (Shreve, 1966 and 1967). For this section what is important is
that the ‘laws’ may be used to estimate the fractal dimension. However, it should be
noted, that La Barbera and Rosso (1989) and Tarboton et al (1988), all make the
assumption of ‘Hortonian’ networks in estimating D.
Catchment Order No o f Streams Mean Length Bifurcation Ratio Len^hs Ratio D
St Peter’s 1 114 0.23
2 32 0.31 3^6 1.38 398
3 5 0.76 6.40 2.42 2.10
4 1 6.04 5.00 7.97 0.78
Trinity 1 87 0.27
2 19 0.47 4.58 1.74 2.74
3 4 0.59 4.75 1.26 6.76
4 1 2.92 4.00 4.98 0.86
La Vallée de Lécq 1 24 0.30
2 7 0.34 3.43 1.14 9.17
3 2 1.00 3.50 2.91 1.17
Table 6.3.2-A: Horton style analysis for selected catchments.
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Figure 6.3.2-A: ‘Hortonian’ analysis o f  St. Peter’s streams
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Figure 6.3.2-B: ‘Hortonian’ analysis o f Trinity streams
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La Vallée de Lécq Horton Plot
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Figure 6.3.2-C: ‘Hortonian’ analysis o f La Vallée de Lécq streams
La Barbera and Rosso (1989, pp 737) suggest that D can be estimated using;
Log^
LogRi
Equation 6.4
Where R^  ^ is the bifurcation ratio, and R, is the length ratio. This equation only 
applies where R,^  > R,. Application of this equation to the Jersey catchment, results in 
fractal dimensions shown in Table 6.3.2-A above. Note that where R,, < R,. La Barbera 
and Rosso suggest that this should indicate D = 1.0, although this does not apply to any 
o f the catchments studied. None of the Jersey values are in close agreement with the 
range of 1.5 to 2.0 given by La Barbera and Rosso (1989), or Tarboton et al (1988) of
2.0 (space filling). Indeed, there is only one value that falls between 1.0 and 2.0; 1.17 
for second and third order streams in La Vallée de Lécq.
6.3.3 Discussion
The reasons for these departures are uncertain. Given that any further analysis of 
this data would be based on 6 numbers, it was decided to review some of the early 
morphometric studies that cover ‘Hortonian analysis.’ From these it would be possible 
to calculate the fractal dimension of the networks concerned for these published studies, 
these are shown in Table 6.3.3-A and Table 6.3.3-B (summary statistics). These can 
then be compared to Jersey and Tarboton et al (1988) and La Barbera and Rosso
(1989).
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Author Date Paze Number Location Order D
Horton 1945
Schumm
Chorley
1956
1958
Chorley & Morgan 1962
Eyies 1968
297 Hiwassee River 2 1.58
3 1.21
4 1.24
Perkiomen Creek 2 1.22
3 1.20
4 1.74
300 Nesaminy Mean 1.16
300 Tohickon Mean 1.05
300 Perkiomen Mean 1.16
302 Laurel Fork 2 2.26
3 14.95
302 Glady Fork 2 1.14
3 13.10
305 E Branch Delaware Mean 1.41
Beaver Kill Mean 1.41
Little Delaware Mean 1.15
E Branch Delaware Mean 1.34
W illowemac Mean 1.07
Beaver Kill Mean 1.20
Neversink Mean 1.16
306 Slader Creek Mean 1.87
Gates Creek Mean 1.63
Rush Creek Mean 1.37
Red Creek Mean 1.44
Spring Creek Mean 2.36
Stony Creek Mean 1.84
606 Perth Amboy 2 1.12
Chileno Canyon 4 1.12
Hughesville 3 1.08
210 Dartmoor (gp 1) 2 3.15
3 1.16
4 2.07
Dartmoor (gp 2) 2 2.85
3 1.22
4 2.03
25 Dartmoor 2 285
3 1.22
4 2.03
Unaka Mnts 2 5.60
3 2.05
4 1.46
706 (West Malaysia) 1 2 1.16
3 1.28
3 2 1.38
3 1.23
4 2.18
4 2 1.85
5 3 1.88
6 2 1.38
4 2.44
7 2 1.39
3 1.48
8 2 1.42
3 1.16
4 2.13
9 3 6.06
10 3 1.89
Table 6.3.3-A; A range of D values calculated from data within the literature.
Note that where no D value is given it was not- possible to calculate D as R{, > Rj. “Mean” indicates 
only mean values of and Rj for any particular catchment were available.
Andrew Wright, PhD Thesis, Roehampton Institute London, June 1997
Page 163
The Palaeohydrology o f Jersey; Chapter 6, The Fractal Interpretation o f Stream Lines
Fractal Dimension, D
Mean 2.169
SD 2.471
Variance 6.104
M in 1.049
Max 14.955
Range 13.906
Skew 4.259
Kurt 18.928
Mode 2852
Median 1.414
25 th Percentile 1.203
75 th Percentile 2.034
Table 6.3.3-B: Summary statistics for 
Table 6.3.3-A
Again this does create a range of values for D, from 1.05 to an unbelievable 
14.96. Note that although in this selection of data, 57 cases occur where > Rp 
however, there are 19 further cases in the literature that were omitted as R^  < R,. On the 
evidence of this data, it would seem that D values between 1.0 and 2.0 are most likely, 
but D values above this do occur, this is best seen in a histogram, Figure 6.3.3-A.
12
Histogram of published and 
Jersey fractal dimension values
1 0 -  
8 -
TTi n
T- T- C\J OJ CM
Fractal Dimension D
Figure 6.3.3-A: Flistogram of published and Jersey D values.
In this case, the most frequently occurring D value lies between 1.2 and 1.3. 
This does not agree with either Tarboton et al (1988) (mean D is 2.0) or La Barbera 
and Rosso (1989) (mean D between 1.5 and 1.6). Although the majority of the data are 
between 1.0 and 2.0, there remains data outside this range. I t should be noted that is 
mathematically impossible for an object with a topological dimension of 1.0 to 
display a fractal dimension below 1.0 or above 2.0. However 10 of the values found in 
the above literature and for Jersey are beyond this range (total 65 values).
There is a variety of possible explanations for these extreme values: For 
example that these are a result of data collection errors. However, this is unlikely given
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the extreme care used during data collection. An alternative explanation is that the
methodology is flawed, and that D is not given by Equation 6.4 above. Again this is
unlikely. I t is possible, although unlikely, that one author might derive an equation
incorrectly and publish that mistake. However, for two sets of researchers working
independently of one another to both make the same mistake is highly improbable.
6.3.4 Conclusion
Because of this, only one reasonable explanation remains: That the Jersey 
networks studied are not fractal. The reason for this suggestion is uncertain, and will be 
discussed in greater depth in section 6.6 below. For now it may be speculated that this 
either means that the fractal model of stream networks is incorrect, or that for some 
unknown reason the Jersey catchments depart from a fractal configuration. This is a issue 
that will be returned to later. For now an alternative method of estimating the fractal 
dimension of stream lines will be discussed.
6.4 The Richardson Method
6.4.1 Theory
The Richardson method focuses on individual streams and requires that stream 
length is measured using at least three (preferably more) levels of precision, or divider 
separations. In the theory as divider separation decreases so the stream length should 
increase. From this change in stream length it is possible to estimate the fractal 
dimension of that stream by plotting a graph of divider length against observed stream 
length on a log-log plot.
This study focused on La Vallée de Lécq and Trinity catchments, using a range 
of divider separations. For La Vallée de Lécq, these were 1 ,2 ,3 , 5, 8, 9 and 13 mm, 
whilst for Trinity a more selective range of 2, 3, 5, 7 and 9 mm were used. When the 
data are plotted on the log-log plot, the resultant regression equation is:
L = Kr'-^
Equation 6.5
Where L is measured length, K is the y-intercept, r is unit length or precision, 
and (1-D) is the gradient of the line, D being the fractal dimension. An alternative 
means of using the Richardson method is to use different map scales rather than 
dividers, for example Robert and Roy (1990). The use of different map scales does 
create problems, because it introduces cartographic variations in the depiction of 
streams in addition to any fractal variations. In order to retain map clarity, stream
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lines may be generalised as map scale is reduced. This means that as scale is reduced
smaller meanders become more difficult to see, and the map appears to be ‘cluttered.’
However, rather than producing a ‘cluttered’ map, the cartographer may choose to
remove the smaller meanders at lower map scales. Hence, because of cartographic
issues, as map scale is reduced stream length decreases, this is in addition to any fractal
induced changes.
Therefore, when measuring stream lengths on different map scales, it is 
uncertain whether differences in observed lengths are due to fractal issues or carto­
graphic ones. Robert and Roy (1990) note this problem when estimating D from 
different map scales. Furthermore, Robert and Roy suggest that as map scale increases, 
the location of the stream head moves up hill, and increases network length. As a 
solution to this Robert and Roy only measure sections of streams delimited by fixed 
points, e.g. bridges shown on all maps. However, the issue still remains, that any change 
of stream length may be due to cartographic generalisation, not fractal issues. Hence for 
this study, one map scale was used, and measuring instrument precision was changed.
Andrle (1992) looks at possible sources of error in the use of the Richardson 
method. There are three principal sources of error; the last, partial step in the divider 
walk, variation in the starting location, and non-linearity in the relationship between 
measured length and step length. These errors are inherent in the Richardson method, 
and the degree of error these create is stated to be difficult to estimate. For example, 
the issue of whether the last partial step when using dividers should be ignored or 
incorporated into the data set. For this study, when an observed stream length included 
such a partial length, this was rounded to the nearest whole ‘step.’ Andrle’s analysis 
builds from research by Andrle and Abrahams (1989), using the divider method to 
estimate D for talus slopes. This showed that the relationship between log step length 
and log number of steps is itself non-linear, weakening the validity of this approach 
which assumes a linear relationship between these. Andrle (1996) returns to the issue of 
the fractal nature of the west coast of Great Britain, suggesting that this coastline may 
not be fractal. Andrle suggests that there is a lim it to the changes in line complexity 
with scale, indicating that the west coast is not statistically self similar (i.e. fractal) 
over all scales. This arises from the suggestion that whilst Richardson plots (or 
variograms) do contain linear elements, overall the plots display systematic curvature. 
The linear elements translate to a range of scales where the coast line appears to be 
fractal, but the coast line does not display fractal properties over all scales.
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6.4.2 Data
It  is not practical to show all of the data produced by this study. Therefore 
only summary statistics will be given, in Table 6.4.2-A. Note in these tables the 
Pearson’s value is for the regression used to calculate D.
T rin ity
Fractal Dimension
La Vallée de Lécq 
Fractal Dimension id
Mean 1.976 0.971 2.000 0.971
SD 0.067 0.071 0.144 0.084
Variance 0.005 0.005 0.021 0.007
M in 1.693 0.570 1.325 0.217
Max 2.072 0.994 3.004 1.000
Range 0.379 0.424 1.679 0.783
Skew -2.226 -5.678 2.269 -7.535
Kurt 8.665 32.756 27.879 66.155
Mode N /A N /A 2.099 0.995
Median 1.985 0.987 2.003 0.994
25 th Percentile 1.949 0.978 1.966 0.978
75th Percentile 2.017 0.991 2.039 0.997
Table 6.4.2-A: Summary statistics for Trinity and La Vallée de Lécq fractal dimension
data.
For La Vallée de Lécq, mean D is 2.0 whilst Trinity is mean D is 1.98, which 
realistically, is so close to 2.0 as to make very little difference. For both catchments, 
the data is clustered extremely close to this value of D, as witnessed by the very low 
standard deviation. Note that this high value of D does imply that the valley networks 
in question are either space filling or extremely close to being space filling.
6.4.3 Discussion
When the fractal dimension of a line equals 2.0, that line is described as space 
filling, meaning that the line covers the whole of the surface (plane) available, and that 
the line is infinitely long. In terms of valley networks there are two possible explana­
tions of space filling networks. The first is that the network extends above the point that 
in hydrology is known as the stream head. Essentially, this means that there is no such 
concept as the stream head, beyond what is shown on a map, and that the stream in the 
field extends beyond the stream head shown on the map. The second alternative is that 
there is an upper lim it to the stream network, that there is such a point as the stream 
head. However, between this point and the stream mouth, the stream or valley is 
infinitely long. This infinite length can be explained by the valley being infinitely 
sinuous, and meanders infinitely across the surface drained.
A space filling drainage network is described by Phillips (1993) as a hydro-
logical inconsistency, as this would mean that all the available area of a surface was
covered by the drainage network. This clearly can not be the case, with the exclusion of
occasional periods of saturation overland flow, when the drainage network does extend
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over the whole region in question. Furthermore, this analysis does not focus on an active
drainage network, it concerns a valley network, a considerable proportion of which is
currently inactive. Theoretically, it is possible for a valley network to be space filling.
This would mean that the region studied is completely dissected by the valley
network, which would make a degree of sense. The whole surface must be drained by
the valley network, hence the valleys could extend across the whole surface. Such a
network could not be of the infinitely sinuous variety discussed above, as this form is
not apparent in the landscape. Therefore this must mean that the network extends
infinitely uphill, through a series of bifurcation’s creating smaller and smaller
individual valleys.
This would mean that the whole landscape of Jersey is dissected by the valley 
network, which is to some degree correct. This is not apparent on maps, because maps 
can not extend down to the small scales necessary. O f course when studying the valleys 
on maps, they appear to have a finite extent. However, through the use of the Richardson 
method, their infinite extent becomes apparent.
6.4.4 Conclusion
This suggestion of plain filling networks does have some interesting implica­
tions for any use of drainage density. Hence before this idea is taken any further, and 
given that other methods of estimating D produce different values, it would be wise to 
examine other methods of estimating D. Finally, there are other explanations of why 
the Jersey networks are plane filling. That either the Richardson method is incorrect, or 
that data collection was flawed, or that the Jersey networks are very unusual. These are 
unlikely, but should be discussed. This will take place after other alternative ap­
proaches are studied.
6.5 The Phillips Approach
6.5.1 Theory
This method is based upon the principles of the Richardson (1961) method, but 
utilises a different formula. Again, this method is based on the measurement of a 
feature at a minimum of two measurement increments. From this, it is then possible to 
estimate the fractal dimension from:
D = ------ rr"7— Equation 6.6
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(From Phillips, 1993, pp 145). Here e' and e "  are the two sampling intervals or
ruler lengths, and n ' and n "  are the number of steps or increments needed to measure the
whole stream.
6.5.2 Data
This method can be immediately be applied both to the La Vallée de Lécq and 
Trinity data measured for the Richardson method. This will provide a useful compari­
son with the Richardson method. Although the Phillips (1993) approach requires only 
two different divider separations, data on a range of different separations already 
exists. Hence it was possible to apply the Phillips (1993) method to each of the 
different divider separations. This produces a vast amount of data, hence only summary 
data will be presented, together with summary data on the mean D values for each 
stream in Table 6.5.2-A and Table 6.5.2-B respectively.
2  + 3. 2  + 5. 2  + 7. 2+9. 3 + 5 3 + 7 3 + 9 5  + 7 5  + 9 7  + 9 Mean
Mean 1.05 1.00 1.00 1.01 0.96 0.97 0.99 0.99 1.02 1.06 1.01
SD 0.61 0.29 0.21 0.18 0.23 0.12 0.15 0.37 0.33 0.70 0.16
Variance 0.38 0.08 0.04 0.03 0.05 0.02 0.02 0.14 d .ii 0.49 0.02
M in -2.00 -0.44 0.00 0.19 0.00 0.82 0.63 0.00 0.00 0.00 0.40
Max 5.87 3.15 2.63 2.19 2.15 1.48 1.46 2.06 1.87 2.76 1.87
Range 7.87 3.60 2.63 2.00 2.15 0.66 0.83 2.06 1.87 2.76 1.46
Skew 3.62 2.94 x 3 j 7 1.93 0.78 0.96 -0.08 -0.50 -0.79 0.29 0.89
Kurt 44.42 37.29 41.39 23.20 9.40 2.32 1.93 2^8 3.70 0.40 10.93
Mode 1.00 1.00 1.11 1.07 0.79 0.82 1.00 1.21 1.18 1.61 1.13
Median 1.05 1.00 1.00 1.00 0.95 0.98 1.00 1.00 1.05 1.04 1.00
25 th Percentile 0.94 0.94 0.95 0.96 0.85 0.90 0.94 0.85 0.94 0.89 0.96
75th Percentile 1.16 1.07 1.04 1.07 1.06 1.03 1.06 1.21 1.18 1.61 1.07
Table 6.5.2-A: Summary statistics for the fractal dimension of the Trinity streams 
Note that in this table ‘2 + 3 ’ refers to divider separations of 2 and 3 mm 
respectively, these are equal to separations of 0.02 and 0.03 km ‘on the ground.’ The 
column ‘Mean’ contains the mean value of the summary statistics of D for each valley 
calculated by the various divider separations. For La Vallée de Lécq it was decided to
1 +2. 7+ 3. 7 + 4. 7 +& 7 +9. 7+73. M ean
Mean 0.974 0.940 1.122 0.954 0.971 0.987 0.992
SD 0.128 0.096 0.070 0.152 0.076 0.066 0.074
Variance 0.016 0.009 0.005 0.023 0.006 0.004 0.005
M in 0.737 0.718 0.937 0.153 0.776 0.811 0.732
Max 1.415 1.262 1.339 1.138 1.201 1.105 1.219
Range 0.678 0.544 0.402 0.985 0.425 0.294 0.487
Skew 0.806 0.541 0.100 -4.612 0.361 -0.434 -0.586
Kurt 3.342 3.357 2.872 25.064 2.154 0.007 5.893
Mode 1.000 1.000 1.161 0.936 0.946 1.029 N /A
Median 1.000 0.952 1.126 0.969 0.976 0.995 0.993
25 th Percentile 0.919 0.896 1.094 0.936 0.920 0.935 0.966
75 th Percentile 1.037 0.982 U 61 1.000 1.008 1.029 1.031
Table 6.5.2-B: Summary statistics
Andrew
for the fractal dimension of La Vallée de Lécq 
streams
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focus on a more selective range of divider separations in order to reduce the time
‘ required for data collection. This can be justified as the reduction in the number of 
separations does not weaken the strength of this analysis.
6.5.3 Discussion
Again it seems that for the majority of the streams, D is either 1.0 or extremely 
close to that value. All the valleys in both catchments produce this value, or very close 
to this value, regardless of the divider separations used. It is not possible for the fractal 
dimension of a line to be less than 1.0, just as it is impossible for D to be greater than
2.0 (as with the Horton’s ratios method). However values below 1.0 are produced. 
Because this is something of a theoretical impossibility, it is tempting to dismiss these 
values as due to measurement errors and suggest that D for these streams should be 1.0, 
meaning that these are not fractal.
However, it is not possible to instantly dismiss this without first considering 
what a fractal dimension of less than 1.0 actually means. D = 1.0 implies that an object 
is a perfect line, of known length, but with no width or height. D > 1.0 for a line means 
that a line is fractal, with an uncertain length, but still zero width or height. The 
uncertainty about the length of the line arises from the irregular form of the line (its 
‘wiggliness’) meaning that it is impossible to measure the line’s length with perfect 
accuracy. As D approaches 2.0 the path of the line becomes increasingly erratic, until at 
D = 2.0 the line essentially occupies all available space and is termed plane filling. So, 
moving in the opposite direction, D = 1.0 is a perfect line, D = 0.0 applies only to a 
point, with no dimensions. Is it possible for a object to be between a point and a line? 
For example, if a perfect line extends from A to B, and has D = 1.0. Then i f  a line has 
D < 1.0 then the line adopts some of the properties of a point, so the line can not extend 
from A to B, and the line is incomplete. The geomorphic interpretation of this is that a 
stream appears to extend from the stream head to the mouth, however, as D < 1.0 it can 
not. Either the stream does not reach either of these two ‘known points’ or the stream 
line is broken, which does not appear to make geomorphic sense. The interpretation of 
the former explanation is that, for example, the straight line distance between the 
stream head and mouth is, for example, 5.0 km. Measuring this along the stream lines 
gives an estimate of < 5.0 km, and hence D < 1.0. This does not mean the stream line 
takes some kind of ‘short cut,’ rather that the stream doesn’t actually start at the stream 
head.
This might be a reasonable geometric explanation, however i t does not appear
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to withstand geomorphic examination. Geomorphologicaliy, i f  a stream is seen to
* extend from stream end to stream mouth, how it is possible for the stream to not reach 
these points? The geomorphologist would argue that this is correct, and that streams can 
not have D < 1.0, and any results that do suggest this have to be erroneous. Unfortunately 
the Jersey data was collected using the utmost care, so one must look for explanations 
elsewhere. I f  D < 1.0 is a physically impossibility, and there are no methodological 
errors during data collection, this must imply that there are errors in the methodology 
used to estimate D. Andrle (1992 and 1996) suggests several problems with the 
Richardson method, as discussed above.
That the fractal dimension of the Jersey streams is 1.0 is somewhat unexpected. 
The D values were calculated from the same data as used for the Richardson method 
proper. Yet the Phillips method produces values for D that are at the opposite extreme 
of possible values to the Richardson method.
6.5.4 Conclusion
Having considered the Phillips approach it is possible to focus on what these 
data mean, namely what this demonstrates about the fractal dimension of the Jersey 
streams. The Phillips approach suggests that the fractal dimension of these streams is 
either 1.0 or very close to 1.0. I t is important to repeat, that of the two catchments 
analysed, and the range of different divider separations, there is agreement on this 
value. This would mean that the Jersey valleys are not fractal. In order for a line to be 
fractal, the fractal dimension must exceed 1.0. As this is not the case with the Jersey 
valleys, one must conclude that for this method at least, these features are not fractal. 
This means that the valleys have a finite length and can be described as one dimensional 
lines.
This conclusion is a direct contradiction of the Richardson method. That 
approach seemed to reveal that the Jersey networks are plane filling with a fractal 
dimension of 2.0. However, the Phillips (1993) method would seem to indicate the 
reverse, that the networks are composed of simple, one dimensional lines. How can such 
a direct contradiction occur, given that both analyses are based on the same data and 
basically the same methodology? Again, a variety of explanations exist. Firstly that the 
data are wrong, this is extremely unlikely. Alternatively, one of the two methods of 
estimating D is incorrect. Again, this is unlikely, so there remains one possibility, that 
the Jersey networks display some rather interesting properties. Given that all of the four 
approaches display different values for the fractal dimension it is worth considering
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what this means. This will be discussed after a final method of estimating D is
discussed.
6.6 Functional Box Counting
6.6.1 Introduction
This approach is perhaps best explained by Helmlinger et al (1993). The 
essence of functional box counting is somewhat similar to the Richardson method. A 
grid is placed over a map of the drainage networks, and the number of cells that overlie 
stream network are counted. The size of the grid cells is varied and the fractal 
dimension of the streams can be estimated from the slope of the graph of log number of 
cells versus log box size, in a manner similar to the Richardson method. Note that this 
method is based around the principle that drainage networks have a topological 
dimension of 2.0, that is they occupy an area and are not treated as lines.
6.6.2 Problems
This approach does create some problems. Firstly how should the grid be 
orientated, does grid orientation and position effect the number of cells that are 
occupied by the drainage network? These issues are briefly covered by Falconer (1990), 
who suggests a number of different grid types but does not investigate the impact of 
these on the number of boxes occupied. These different methods include an approach 
identical to Richardson, counting the number of circles necessary to cover a drainage 
network, similarly, the number of square cells can be used. In both of these methods a 
grid of cells is not used, rather, a series of individual cells are used, that touch but 
where the overlap is minimised. Alternatively, a grid of cells can be used, as is the case 
with this study.
There appears to have been little research on the effect of using differing types 
of cells and whether this effects the fractal dimension of .the feature being studied. For 
the Jersey data it was decided to briefly investigate whether grid orientation and 
position would effect the number of cells occupied by a drainage network. When a 
stream line is orientated at 45° to the grid orientation, this creates problems. For 
example should the stream line be treated as passing through two cells which touch only 
at the corners? The alternative used in this study is that a stream must past though cells 
that meet edge to edge. This is shown in Figure 6.2.2-A-i, in this example the stream 
clearly occupies cells A2 and Bl. However, does the stream flow through any interme­
diary cells? There does not appear to be iny established protocol for dealing with such
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Figure 6.6.2-A: Potential problems with grid locations.
situations. Hence it was decided to remove any ambiguity, and move the grid used, in 
order that such corner to corner meetings do not occur, as shown in Figure 6.2.2-A-ii 
and -iv. A similar conflict occurs in Figure 6.2.2-A-iii, here the stream flows along the 
cell boundaries, so does the stream occupy 2 cells, or 4? Again there is no established 
protocol, so the solution developed was either to rotate the cells (Figure 6.2.2-A-iv) or 
to shift the grid to one side. The examples shown in Figure 6.2.2-A are simplified, 
typically several of these problems occur on any given stream line. To resolve these, 
methods such as those described above were used. With the box counting method, the 
most basic rules were to minimise the number of cells occupied by any given stream, 
and to ensure that no situations like those shown in Figure 6.2.2-A-i and -iii occurred.
To investigate these issues, this study briefly tested whether different grid 
orientations would effect the number of cells occupied by a drainage network. For the 
remains of this analysis, the grid was orientated in an approximate north-south 
direction, and the positioning of the grid was random. I t was decided to investigate 
the effects of four different approaches to grid positioning. Firstly the grid was 
orientated at approximately 45° from north, and was positioned randomly. This was 
repeated at a 23° orientation. The third approach returned to north-south orientation, 
but the grid was positioned so that the stream head was located in the centre o f a cell. 
The final approach was completely random, with the grid simply dropped on the map.
These different approaches did produce slight differences in the number of cells 
occupied by a stream. Typically the different methods produced a variation in the 
number of cells occupied in the order of one or two cells more or less than other
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methods. To determine whether these differences were statistically significant, an
ANOVA test was used to compare the number of cells occupied by the streams using
various different grid locations. This determined that there was no statistically
significant difference (significance level was p < 0.05). The F-test result was 6.4 x 10^,
and the probability p was 1.0. Hence it can be suggested, that whilst the method of grid
orientation might produce small differences in the number of cells occupied, this
difference is not remotely statistically significant and hence will not effect the fractal
dimension.
6.6.3 Data
Data were collected for La Vallée de Lécq, using the ‘delta’ data structure. 
Grid resolutions of 1,2, 3, 5, and 10 mm were used. The grid was orientated in an
Fractal Dimension
Mean 1.10 0.97
SD 0.17 0.06
Variance 0.03 0.00
M in 0.81 0.70
Max 1.63 1.00
Range 0.82 0.30
Skew 1.48 -3.75
Kurt 2.53 16.82
Median 1.05 0.99
25th Percentile 1.01 0.96
75th Percentile 1.11 1.00
Table 6.6.3-A: Summary statistics for the fractal 
dimension of La Vallée de Lécq streams estimated 
by box counting
approximate north-south direction, and grid position was determined randomly. For 
each stream the number of grid cells that the stream occupied was counted. Grid 
resolution was changed, and the procedure was repeated. The fractal dimension could 
then be estimated from the gradient of a log-log plot of grid resolution against number 
of cell occupied. This produces a range of data the summary statistics of which are 
shown here (Table 6.6.3-A).
6.6.4 Discussion
It can be seen from this table that this method estimates the fractal dimension 
to be around 1.1. This is a value close to suggestions given in the published literature, 
see Table 6.7.1-B below. So, for this method at least it would appear that there is 
agreement between the Jersey networks and other published data. This suggests that the 
Jersey stream networks (or at least La Vallée de Lécq) are fractal features, with a fractal
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dimension of around 1.1. This means that the stream lines are not simple lines with a
finite length, but are partially plane filling, in that they have some of the properties of a
two dimensional object. The implications of this will be discussed in greater depth
below, together with the other methods used to estimate D.
6.7 Discussion of The Fractal Dimension Data
6.7.1 Introduction
As noted earlier, a review of the literature reveals the following trends, firstly 
for studies that concentrate on the fractal dimension of individual stream lines (Table 
6.7.1-A), and secondly for studies concerning the fractal dimension of drainage 
networks (Table 6.7.1-B):
Source D ate D-value Studying M ethod Geographical
Region
Mandelbrot 1982 1.2 Individual Main stream Virginia and
(Using data streams in whole length- area Maryland (after
from Hack 1957) networks Hack 1957)
H jelm felt 1988 Between 1.036 Individual Main stream Missouri basin
and 1.291, mean streams in whole length- area
is 1.158 networks
Tarboton et 1988 About 1. Individual Variation on Walnut Gulch,
a l streams. Richardson Arizona, USA.
method.
Robert and 1990 1.085 Individual Richardson Eaton River,
Roy stream segments method Canada
Beer and 1992 1.2 Individual Main stream Virginia and
Bogas streams in whole length-area Maryland (data
networks from Hack 1957)
Gan et al 1992 Between 1.06 and Individual Richardson SE Australia
1. streams. Method
Wilson and 1993 Between 1.01 and Individual Richardson Experimental
Storm 1.08 and between streams within method erosion plot
1.52 and 1.83 networks
Table 6.7.1-B: Summary of D values given for individual stream lines, or segments thereof.
From these two tables, it can be seen that past research on the fractal dimension 
of individual stream lines suggests that D varies from 1.0 to around 1.2 whilst research 
on drainage networks suggests D values between 1.6 and 2.0 are typical. Note that these 
are generalisations, and that several studies report values that lie outside these values. 
The reasons for these departures are numerous, but data collection errors, external 
controls, and analytical errors are all possible.
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Source D ate D-value Studying M ethod Geographical
Region
Tarboton et a l 1988 About 2 Whole
networks
Functional box 
counting
Walnut Gulch, 
Arizona, USA.
La Barbera 1989 Between 1.5 and 2.0, Networks Horton ratios Arno river basin.
and Rosso average is between 1.6 
and 1.7
central Italy
Robert and 1990 Mean is 1.219 Whole basins Main stream Eaton River,
Roy length-area. Canada
Garcfa-Ruiz 1992 1.82 Whole Functional box Almanzora
and Otalora networks counting basin, Southern 
Spain
H elm linger 1993 Between 1.75 and 1.79 Whole Functional box Basins in
et al networks counting California, 
New York state 
and Idaho
H elm linger 1993 From 1.55 to over 2.0 Whole Horton ratios Basins in
et al networks California, 
New York state 
and Idaho
Wilson and 1993 Between 2.05 and 6.41 Whole Horton ratios Experimental
Storm networks erosion plot
Table 6.7.1-A: Summary of D values given for drainage networks.
Given these values, it is necessary to compare these v/ith the Jersey estimates, as 
shown in Table 6.7.1-A (individual streams) and Table 6.7.1-B (catchments):
M ethod Catchment Ran^e o f  D  values suggested
Horton ratios Le Vallée de Lécq D values of 9.17 and 1.17
St. Peter’s D values of 3.98 and 2.10
Trinity D values of 2.74 and 6.76
Table 6.7.1-B: Summary of the various methods of calculating D for 
Jersey catchments.
M ethod Catchment Mean D 25th Percentile 75th Percentile
Mandelbrot A ll 1.31 0.96 1.58
Richardson Le Vallée de Lécq 2.00 1.97 2.04
Trinity 1.98 1.94 2.01
Phillips (Means) Trinity 1.01 0.96 1.07
Le Vallée de Lécq 0.99 1.00 1.03
Box Counting Trinity 1.10 1.01 1.11
Table 6.7.1-C: Summary of the various estimates of D for individual stream lines 
To review the above data, it is necessary to discuss the results from the 
application of each of these approaches to Jersey in some more detail.
6.7.2 The Horton Ratios Approach
The Horton ratios approach suggest extremely high values of D. Estimates of D 
above 2.0 are simply not possible. O f course it should be noted that is method should 
not be applied to ‘non-Hortonian’ networks, in other words networks that show 
significant departures from Horton’s ‘laws.’ This does apply to the Jersey networks, 
which are broadly ‘Hortonian,’ not that this is a particularly great revelation. Given 
these ‘Hortonian’ networks, why are such extreme values of the fractal dimension
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produced? Three explanations are immediately apparent:
• The data are inaccurate (unlikely).
• The methodology is flawed (extremely unlikely).
• Or that the Jersey networks are not fractal.
Given that the data were collected with the utmost care, and assuming that the 
methodologies presented by Tarboton et al (1988) and La Barbera and Rosso (1989) 
are correct, the only explanation for why the Jersey catchments produce such extreme 
values for the fractal dimension is that these catchments are not fractal. As Phillips 
(1993) notes (pp 147) this method is “not a reliable means o f  estimating D unless the 
distribution o f stream link lengths is known to be independent o f  stream order. ” In most 
situations this can not be safely assumed. For example, if, as in the case of some 
networks investigated by Abrahams (1984), stream length decreases with increasing 
order, then this method of estimating D is further weakened. Why this occurs is a 
matter of real interest, and will be discussed after the other approaches to estimating D 
are discussed.
6.7.3 The Mandelbrot Approach
The main stream length-area relationship was the only approach to estimating 
the fractal dimension that could be applied to the Jersey catchments without requiring 
the generation of a large amount of new data. Unfortunately, this approach shows that 
the Jersey catchments produce a different estimate of D to other published studies using 
this method. Furthermore, several of the Jersey catchments produce a D value above 2.0, 
or below 1.0. This suggests that possibly this methodology is unsuitable, that the Jersey 
catchments are very unusual, or that the approaches to data collection used were flawed.
To summarise the various estimates of D, Mandelbrot (1983), using Hack’s 
1957 data, reported a mean D of 1.2, whilst Hjelmfelt (1988) gave mean D as 1.158, 
Robert and Roy (1990) report D values between 1.092 and 1.296, despite using a 
different definition of main stream length. Whilst specific research concerning 
estimation of D from the main stream length-area relationship is comparatively rare, 
there are several papers that cover this relationship. These include Gray (1961) who 
reports an exponent of around 0.568, giving a D value of around 1.2, Leopold et al 
(1964, pp 145) (exponent of 0.6), and Smart and Surkan (1967) assume an exponent of 
0.50. Finally the median value for the Jersey catchments was 1.14, the 25* percentile 
was 0.96, and the 75* percentile was 1.58. So whilst the majority of the Jersey data are
with in the bounds suggested by Mandelbrot, several values are quite different to the
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published studies. O f the 19 estimates of D that are statistically significant, only 4
catchments have D estimates within Mandelbrot’s range of 1.1 to 1.2. The remaining
15 values are outside this range, although 13 are between 1.0 and 2.0.
Why do the majority of the Jersey networks lie outside the Mandelbrot stream 
data sets? There are several explanations for this. Firstly that the Jersey data are 
inaccurate, due to mistakes during data collection. This is unlikely, as the utmost care 
was taken during data collection to ensure that the data were as precise as possible. 
Flowever, there are two possible sources of error during data collection. Firstly that the 
streams in question were poorly delimited. Despite the utmost care being taken to 
ensure that the streams were traced accurately from the original maps, it is possible that 
inaccuracies arose at this stage. An extension of this is that the original maps were 
inaccurate. Again this is unlikely given the quality control used by the Ordnance Survey 
(Gardiner, 1975). It is far more likely that errors are the product of stream delimita­
tion. However all network were delimited and the rechecked prior to measurement in 
order to reduce any potential errors. The second alternative is that the data were 
collected inaccurately. This means that when stream lengths were measured, errors 
arose, so rather that taking a correct measurement of stream length an inaccurate 
measurement was taken. This would be despite repeated measurement of all streams 
(three times with the average used) to minimise operator variance. Once more, whilst 
this is possible, the errors generated by such a method are unlikely.
Alternatively, there is a geomorphological explanation; it is possible that the 
Jersey catchments are radically different to the other regions studied. This is true, with 
the Jersey catchments reflecting a history of environmental change. Is this likely to 
produce such a radical difference in estimates of the fractal dimension? Geographi­
cally, all the other studies are based in North America. Granted they cover a range of 
environments but they are all restricted to North America. This study is the first 
known example of such research on European catchments. Is it possible that the 
explanation for the difference in estimates of the fractal dimension could simply be 
due to the different location? It is unlikely that differences in D are simply due to 
geographical location. However, differences in local conditions might result in the 
differences in D. For example, differing climates might cause the different D values.
A third explanation is that the methodology is flawed, that the fractal 
dimension is not equal to twice the exponent in the main stream length-area relation­
ship. Again this is unlikely, Mandelbrat’s mathematical justification appears to be
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valid. However, it is noticeable that Hjelmfelt (1988) is the only other study to
* rigorously test this approach.
These differences might be a result of the Jersey analysis focusing on rather 
small catchments. Hack (1957) plots data on a log-log plot, but even the very small 
catchments included in this analysis (<0.1 square miles) appear to fall close to the given 
line of best fit. An examination of the Jersey catchments shows that there is a variation 
in D with catchment order, see section 6.2.2 above. Furthermore there is a weak, but 
statistically significant relationship between catchment area and D.
The Jersey streams most probably formed when sea level was lower. This means 
that the Jersey catchments would have extended for some distance downstream of their 
current downstream terminus. When these streams were actively eroding their valleys, 
the main stream length would have been longer, and the catchment areas would have also 
been larger. However, given the ovoid shape of most drainage basins, it seems likely 
that the downstream extension of the catchments would have been long, but compara­
tively narrow. Therefore, any increase in catchment area would not have as great as the 
increase in stream length. The subsequent rise of sea-level has changed the main stream 
length-catchment area relationship for these catchments. Hence, when fully active, these 
catchments may have had values of D close to those given by Mandelbrot (1983). 
However, the Holocene rise of sea-level has flooded the lower sections of the catch­
ments and changed the main stream length-area relationship and produces the rather 
unusual values of D. This interpretation tends towards an allometric solution rather than 
a fractal one.
The final explanation lies with both Hack (1957) and Mandelbrot (1983). Hack
suggested that the exponent of 0.6 indicates an allometric explanation of drainage
networks. Mandelbrot disagrees with this, proposing the fractal model. This study
appears to show that, for the Jersey catchments at least, the fractal model is unsuitable.
Therefore, if the fractal model of main streams in not suitable, one must default to the
allometric model, and suggest that network form does change as scale increases.
Nikora et al (1993) appears to confirm this. Nikora et al note that Mandelbrot’s ,
assumption o f a fractal main stream length-catchment area relationship is only true
under three conditions:
“(1) The channel [i.e. individual stream lines] pattern is self similar on all scales, 
up to the scale o f the whole river; (2) the factal dimension d  is the same for all riv­
ers; and (3) the form o f river catchments [i.e. channel networks] is self similar. ”
(From Nikora et al, 1993, pp 3561.) Nikora et al suggest, and this study
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confirms, that these assumptions are not always valid.
To conclude, it seems that whilst the theory of the Mandelbrot method appears 
to be valid, it does not apply to Jersey. A variety of explanations have been suggested 
for this, and it seems that local geoenvironmental controls result in a main stream 
length-catchment area relationship on Jersey that is rather different to any other region 
studied. This is interpreted to mean that, for Jersey at least, and possibly for a great 
many other catchments world-wide, the fractal interpretation of the main stream 
length-catchment area relationship is invalid, and an allometric interpretation maybe 
more applicable.
6.7.4 The Richardson and Phillips Methods
The Richardson method, when applied to the Jersey catchments produces some 
very interesting results. D is shown to be equal to 2.0, or is very close to that value. This 
would mean that the network is space filling. This could be argued to be correct, with 
the region studied being infinitely dissected by the drainage network. However, this is 
directly contradicted by the Phillips method, which indicates D, for the same 
catchments, is 1.0. How this contradiction can occur for the same data, analysed by 
basically the same method, is something of a puzzle. Either one or both methods are 
incorrect or something verykidd occurs when they are applied to the Jersey networks. It 
seems unlikely that the methodology is flawed, hence it seems that these approaches are 
indicating a rather unique property of the Jersey networks.
Andrle (1992) suggests several problems with the Richardson method. 
However, all published data on the fractal dimension of individual stream lines 
estimated using the Richardson method, agree that D is around 1.02. This would imply 
that even if the methodology is flawed, all the published data that uses this methodol­
ogy, agrees on the estimate of the fractal dimension. However, the Jersey data disagrees 
with all of the published data. So, even if the Richardson method is flawed, the fact that 
the Jersey data disagrees with the published data implies that any potential errors are 
with the Jersey data.
Again this can be explained as being due to erroneous data collection. Yet again, 
this is unlikely, and so, once more the conclusion maybe drawn that the Jersey streams 
are either fractal in a new manner, not seen elsewhere, or are not fractal. I t would seem 
that the latter is the more likely explanation.
6.7.5 Box Counting
The box counting approach produces the most reasonable estimates for the
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fractal dimension. Certainly, when compared with published studies, even studies using
different methodologies show agreement with the data for La Vallée de Lécq. Why 
does this one method produce such a ‘reasonable’ estimate for the fractal dimension in 
comparison with the other methods? The most feasible explanation for this is that the 
other approaches study stream lines, with an assumed topological dimension of 1. 
However, the box counting approach considers streams to be composed of a series of a 
two (topological) dimensional cells. As is noted later, stream lines should not be 
regarded as having a topological dimension of 1.0. In plan form they are two dimen­
sional objects, with measurable width. So the use of an approach that focuses on streams 
as two dimensional objects may be more appropriate.
None o f the other approaches to estimating the fractal dimension agree on a 
single value of D for the Jersey catchments. I t is now necessary to consider what is so 
different about these catchments to give such diverse estimates of the fractal dimension.
6.8 Conclusion
6.8.1 Review
This was a very interesting area of research. O f the five methods of estimating 
the fractal dimension, one estimates the fractal dimension of drainage networks: The 
Horton ratios method was shown to produce such extreme values for the Jersey 
catchments that the only possible conclusion was that these were not fractal. The first 
reasonable explanation for this is that in most morphometric studies of this kind, there 
tends to be an assumption that geoenvironmental controls are not important. For 
example, the Horton ‘laws’ will apply to all basins, in the absence of strong geoenvi­
ronmental controls (geology, climate, etc.). Unfortunately, for the Jersey networks, it 
does seem that there are strong geoenvironmental controls. These prevent the Jersey 
networks demonstrating a fractal dimension that would be in agreement with other 
networks in the published literature.
This disagreement should not be viewed as a negative point, rather the reasons 
why the Jersey valleys appear so different should be examined. What ‘geoenvironmental 
controls’ cause the Jersey valleys to have such a different fractal dimension to other 
networks? This is an issue that is central to this study, and the examination of these 
‘geoenvironmental controls’ will be returned to throughout this study. In this case it is 
the history of climate change and the impact of this on the hydrology of the Jersey 
catchments and hence the resultant geomorphology
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This section also examined the fractal dimension of individual stream lines.
The apparently identical Richardson and Phillips methods produce contradictory 
results. The best possible explanation of this is that the Jersey networks are simply not 
fractal. Why this occurs is possibly a more interesting question than if the networks were 
shown to be fractal. The Mandelbrot approach also seems to imply that the fractal 
model is not appropriate, but an allometric model may be more appropriate, as 
discussed below.
6.8.2 Problems
At different scales the fractal properties of the streams appear to vary. Support 
for this is the weak positive relationship between the fractal dimension (Mandelbrot 
approach) and area discussed in 6.2.2 above. This implies that for whole drainage 
basins there is a general trend of increasing fractal dimension with increasing area 
(assuming that the Mandelbrot approach is valid). However, if  the different sub­
catchments within a drainage basin are examined, then an allometric relationship 
between main stream length and catchment area emerges. Furthermore if  different 
basins are studied then inter-basin hydrological and geomorphological variations are 
introduced, giving the above relationship, and confusing any simple attempt at 
interpretation.
The second problem is that of area. As catchments of differing areas are 
studied, so the relationship between main stream length and catchment area changes. 
This is not a universally constant relationship, and should never have been expected to be. 
Each catchment will have a unique relationship between main stream length and 
catchment area. Garcia-Ruiz and Otalora (1992) suggest that whilst streams fractal 
and obey Horton’s ‘laws’, they do so only over a narrow range of scales, not globally. 
This would suggest that the fractal dimension of stream networks varies with area. 
Again this points to the fractal model being scale dependent, as opposed to being a 
scale independent, global explanation, and that an allometric interpretation may be 
more appropriate.
Whilst there may be broad local similarities (although the Jersey data suggests 
this not to be the case) there will almost certainly not be simple global trends, and 
most definitely will not be a single global relationship. The clear difficulty here is 
that location hides a range of variables. The reason for the different main stream length- 
catchment area relationships includes climatic, geological, and pedological differences 
amongst others. In addition to these there is also a variation in the relationship as
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catchment size increases. This can be explained with reference to allometric theory.
• Larger catchments have a different shape (however that is defined) when compared to 
smaller catchments. Generally, to return to the work of Hack (1957), larger catchments 
are more elongated than the ‘rounder’ small catchments. This means that the main 
stream length-catchment area relationship is not constant, and an allometric rather than 
fractal interpretation applies.
There is one other point that seems to have passed unnoticed in previous studies 
of river networks as fractal structures. It has always been assumed that a river network is 
composed of a number of lines of topological dimension 1.0. Indeed, when studying 
networks of small streams (as defined by low discharge) as on Jersey, each stream does 
appear to be a line on a map. However, in reality stream networks are not one dimen­
sional. In plan form, streams are two dimensional, with measurable width, and in order 
to describe a stream fully, they are three dimensional. Whilst studies have argued that 
the course of a stream line (as a one dimensional object) might be fractal very little 
attention has been paid to real streams as three dimensional objects.
Ignoring the depth of a stream for now, and concentrating on the plan form, if  a 
stream network is plane filling (D = 2.0) then the network will cover the whole surface. 
This assumes that the streams have a topological dimension of 1.0. But stream networks 
have a topological dimension of 2.0, they have measurable width. This means that it is 
impossible for a network of stream lines to have a fractal dimension of 2.0, as the 
stream lines can not be plane filling; Some of the area of the plane must be occupied by 
the width of the stream. This means that the fractal dimension of stream networks can 
not be 2.0, it must be lower than this. Of course this line of thought is irrelevant to most 
fractal studies, they make the (possibly invalid) assumption that the network is 
composed of line with a topological dimension of I.O. For the most other studies of 
the fractal dimension of irregular lines, this issue does not arise. Going back to 
Richardson’s (1963) work, both coastlines and political boundaries can be assumed to 
be lines with no width. This is not the case with stream networks, the streams do have 
measurable width in plan form. (As an aside, if we assume that course of a river network 
is fractal, what about the width and depth of a river. Are these also fractal curves? How 
do the fractal length, width and depth relate to each other?)
6.8.3 Why Fractals?
So, why do all the various methods discussed in this section produce different 
estimates of the fractal dimension of the Jersey streams? A range of explanations exists.
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First that ail the methods are incorrect. The methods developed do not provide a
means of estimating fractal dimensions. For example, the Mandelbrot approach is
simply an extension of an established relationship between main stream length and
drainage area. This is to say that this relationship is not a correct means of estimating
the fractal dimension. Whilst it is possible that one author might conceivably develop a
method incorrectly, the chances that five people (or groups of researcher in the case of
the Horton ratios method) could all be mistaken are so low as to be negligible.
Therefore it maybe concluded that each methodology is correct. The cause of the
unusual behaviour of the Jersey networks must lie elsewhere.
The second alternative is that stream lines and stream networks are not simply 
fractal objects, rather they are multifractal (Rodn'guez-Iturbe et al, 1992b). This means 
that instead of a stream or network simply having a single value of the fractal dimen­
sion, it has several superimposed on each other. I t is possible that each approach to 
measuring the fractal dimension is actually indexing a different fractal dimension for 
each individual stream or network. Each of these values are equally correct, it is simply 
the case that any particular stream has a series of different values for the fractal 
dimension, all superimposed. Each approach points to a different value of D. So each 
method is correct, and detects a different value of D, one of several. The clear problem 
with this is how can two approaches, based on the same data, can detect such apparently 
contradictory estimates of D as 1.0 and 2.0? Surely they can not, this must indicate that 
this model is invalid. The streams and the networks are not fractal.
I f  the networks are not fractal, attempts to estimate a fractal dimension are 
essentially invalid, and as such will return apparently impossible data. This would 
seem to be verified by the Jersey data. This is simply a result of the non-fractal 
behaviour of the networks, meaning that it is not possible to estimate the fractal 
dimension of these objects, because they are not fractal. I f  the networks are not fractal, 
then it is possible that an allometric explanation is more reasonable. I f  this were the 
case, this immediately raises two important questions. The first is why should drainage 
networks be expected to be fractal in the first place, and the second is why are the Jersey 
networks not fractal?
The question of why drainage networks are fractal has not been fully addressed 
by many workers. Determining whether a network is fractal or not has simply been the 
goal of much research. Hence it is necessary to consider why networks should be fractal.
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6.8.4 Minimum Energy
Possibly the only research on this subject is the Optimal Channel Networks 
Model of Rigon et ^/(1992) and the various spin off-works associated with this model. 
The essence of this model is that channel networks will assume a configuration that 
minimises energy expenditure. This is guided by the three principles of optimal 
networks (1) minimum energy expenditure in any link, (2) minimum energy expendi­
ture per unit channel area, and (3) minimum energy expenditure in the network as a 
whole. As a result of this optimisation, the channel network assumes the form that 
minimises energy expenditure, this network configuration is also fractal. I t follows 
from this that the fractal configuration is the one that minimises energy expenditure.
Although this study embraces the O C N  model, a couple of notes of caution 
must be expressed. This does not mean this study rejects the model, just questions its 
universal applicability. To date the OCN model does appear to be the best model of 
drainage network form. However there are a series of issues that need to be addressed. 
Firstly, the O C N  model assumes a static value of drainage density (and hence the 
fractal dimension). Clearly this is not the case. However, the O C N  model only 
attempts to model the network at any given instant, so it is possible that successive 
iterations of the model might simulate a dynamic network.
Another issue is the nature of the networks on which the model is based. These 
are all extracted from Digital Elevation Models (DEMs). The DEMs used solely 
contain information on topography, they contain no information about stream networks.
This raises the problem of network definition. Typically this involves making a 
series of assumptions about the area required to support a channel. Hence, the extent of 
the network developed on the DEM is directly dependent on the assumptions involved 
to delimit that network. As network extent or length influences both drainage density 
and the fractal dimension it is possible to see how values of the fractal dimension are 
dependent on the assumptions involved to delim it the network (Hjelmfelt, 1993). 
Rigon et al (1992) use some advanced approaches to model the location of channel 
networks. However, the networks delimited are ultimately only as valid as the 
assumptions used.
Secondly the DEMs studied by Rigon et al (1992) are typically rather coarse. 
Cell size is in the order of 30 m^ . If a DEM of Jersey was made at the cell size, a great 
many of the headwater valleys would simply disappear. Civen the coarse nature of these 
DEMs a great many small features simply are not present. This must surely affect the
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properties of any resultant network. Finally, at no point do Rigon et al (1992) venture
into the field to compare the network extracted from the DEM to the field situation.
This does raise an unavoidable question, how can Rigon et al he. confident the network
they are working on resembles the actual drainage network? Given that the validity of
O C N  model is built upon the assumed networks the foundations of the model are
weakened. Having said that, this study still accepts the O C N  model to be the best
model of channel networks available to date, and will still make reference to that
model.
Looking at the principal of minimum energy expenditure from another 
viewpoint, rain falls on a region of topography, that water has an elevation above sea 
level, and that gives the water gravitational potential energy. Under gravity, the water 
must flow down hill, and will continue to do so until gravitational potential energy 
equals zero. During that movement, the potential energy will be converted to kinetic 
energy in order to flow. This conversion must be in the most efficient form possible, 
and all the potential energy will be used when the water reaches the sea where potential 
energy equals zero. In order to flow the water will seek the most efficient means to do 
so; the route where wasteful energy expenditure is at a minimum.
There are basically, two means whereby water can flow from hill to sea, 
channelised flow and non-channelised flow. Channelised flow is more efficient than 
non-channelised flow, as the area of contact between the water and the ground surface is 
minimised. So why does non-channelised flow occur? Because, under certain conditions, 
it is more efficient than channelised flow. This is typically where flow volumes are 
very low, and insufficient to erode a channel. (Although erosion means expenditure of 
energy, and therefore is an inefficient process, it is more efficient for a channel to be 
eroded, as then flow efficiency for the whole channel increases.) Where is the point at 
which channelised flow becomes more efficient than non-channelised flow? This point is 
the stream head, and ultimately the position of this controls both the drainage density 
of the channel and the fractal dimension. Identification of this point is a very tricky 
issue, especially as it is not a fixed position but varies with time as available moisture 
varies. Note that none of the studies of the fractal dimension of streams and stream 
networks allow for this. The extent of the drainage network has been shown to vary with 
time (Gardiner and Gregory, 1975, and references therein). This means that D should 
also vary with time. However, there has been no research into this issue. This is an issue 
that also effects the variability of drainage density, and will be returned to later. For
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now this chapter will assume a static value for drainage density and also for the fractal
dimension.
So below the channel head, water flows in channels as this is the most efficient 
means of moving a volume of water from where ever it fell to base level. Looking now 
at a region, all of which needs to be drained through a channel network, that network 
will assume a configuration that is most efficient. That network is fractal. This 
intuitive agreement suggests that to be so, and the mathematical work of Rigon et al 
(1992) appears to confirm this. But why a fractal structure? This form maximises the 
spatial coverage of the network, whilst minimising the length of the actual network. In 
other words, the network will drain into as large a region as possible, whilst minimis­
ing its own length, and hence the length of stream bed in contact with the flow water, 
and so minimise frictional energy expenditure.
Taking this further, large stream channels are more efficient than small ones 
(with the exception of special circumstances, including braiding and anastomosing 
channels). I t is more efficient for water to flow in one large channel, with a compara­
tively low hydraulic radius (cross sectional area / wetted perimeter) than in a series of 
small channels, with a cumulative larger hydraulic radius. Hence small channels will 
join to form larger, more efficient ones. The structure of the network, in terms of where 
small channels merge to form larger ones, is governed by fractal processes. In other 
words, the fractal structure is the most efficient way of allowing a branching network to 
drain a region. This is why drainage networks tend to form fractal networks. To go all 
the way back in geomorphic thought to Davis and Horton, the fractal network form is 
an ‘ideal’ towards which a drainage network will attempt to evolve. This means that, 
for a given environment, a drainage network will gradually modify its configuration to 
assume a fractal network form. The fractal form really is an optimum towards which a 
drainage network will attempt to evolve. There is a reason for this. The fractal form is 
the energetically most efficient form, in order to transport water efficiently. This is the 
form that a network will assume unless it is constrained from doing so.
However this bold statement does not come without a few conditions. Firstly 
this assumes that environmental conditions will remain constant. This includes such 
factors as climate, geology, regional slope, soils, vegetation and human influences. I f  a 
network was suddenly to experience a change in climate this would most probably 
change the idealised fractal structure that the network attempts to assume. Secondly 
this model assumes that there are not any other environmental processes that would
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affect the evolution of the network. For example, it a network drained an area contain-
. ing a linear tectonic fault, the region around that fault would contain weakened rock, 
which is easier for the stream to erode (require less energy to erode than surrounding 
material). Hence the network might be expected to erode along that fault. This would 
cause a shift away from the fractal form, as this shift allows this particular network to 
assume the most efficient form, for that given environment.
How does this compare with Shreve’s random topology model? The essence of 
the Shreve (1965 and 1966) model is that network configuration is random (in the 
absence of other environmental influences). This surely means that there can be no 
controls on the network structure, which is a direct contradiction of the O C N  model 
and this study. Both of these state that the need to minimise energy expenditure will 
control network structure, not chance. So it would appear that it is necessary to abandon 
the random model in order to adopt the OCN model.
6.8.5 The Jersey Networks
Finally then, this is what is hypothesised to have happened for the Jersey 
networks. Under ideal conditions, the Jersey networks would be expected to have 
formed a fractal network. However, the conditions in Jersey are far from ideal. Firstly 
the geology is rather complex. Although it appears that geology does not affect 
drainage density (see section 5.6.3) it may well influence the fractal dimension of the 
networks. However this influence does not appear to be great on Jersey. With the 
exception of the upper reaches of St. Peter’s valley, where the valley does appear to be 
fault guided, there does not appear to be a relationship between the position of either 
tectonic faults or rock boundaries and valleys. Having said that, within any particular 
rock grouping, the Jersey Shale, or the Volcanic grouping, there is a great deal of local 
geological variability. This is likely to mean that there are regions of more and less 
resistant rocks. Hence some areas will present less resistance to erosion than others 
(require less energy expenditure to erode than others). This would lead to a local 
change in network configuration towards what is locally the most efficient form, 
however this probably will not be fractal.
Furthermore, the whole Island has been up lifted and tilted, and this would 
favour drainage to the south, this has probably influenced valley structure. Instead of 
producing a few, large dendritic networks this has lead to a series of small, sub-parallel 
south flowing networks. Again this is a control that means that whilst the networks 
attempted to form a structure that is energetically most efficient, this is not fractal.
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I t is hypothesed that the Jersey networks are the product of snow melt in a
• periglacial environment. This is a highly unusual fluvial regime in comparison to the 
more commonly studied temperate networks. Such a network would still be expected 
to form the most efficient network structure, however this may not be possible. Firstly 
snow melt systems are characterised (Dingman, 1966, Arnborg et al 1967, Woo and 
Steer 1986, Priesnitz, 1990, etc.) by an short period of activity during the spring melt 
out. This may not be sufficient to allow the network to ‘mature’ towards its most 
efficient form. Even i f  this were not the case, the most efficient network configuration 
for snow melt systems may not be the same as for temperate rivers. This would still 
mean that the network is fractal. However, the precise value of the fractal dimension 
may be different to temperate systems. This contrasts with the other networks for which 
the fractal dimension has been calculated, none of which are stated to be snow melt 
features.
The duration of activity of the Jersey networks is also uncertain. I t is possible, 
but so far unprovable, that the Jersey networks were only active for an extremely short 
(geomorphologically speaking) period. For example, the main period of activity was 
after deglaciation (in mainland Britain, and continental Europe). Prior to this the 
presence of ‘concrete’ permafrost and low precipitation prevented much fluvial activity. 
Whilst this short period was sufficient to form the valleys, it is suggested that this was 
insufficient for the network to assume their most efficient fractal configuration. This 
contrasts with other locations where climatic variations have not been as pronounced, 
allowing networks to evolve toward the optimal factal configuration.
6.8.6 Final Conclusion
So, to conclude. It is suggested that under ‘ideal’ conditions, or in the absence 
of strong environmental controls, drainage networks will assume a fractal configuration. 
This configuration is such that it minimises energy expenditure. However, the Jersey 
networks are fractal. This is suggested to be a result of a range of environmental 
influences preventing the networks from assuming a fractal configuration. The networks 
most probably have a configuration that minimises energy expenditure, but this 
particular configuration is not fractal. This means that all the various methods that 
attempt to measure the fractal dimension of the drainage networks are inappropriate in 
this context, simply because these particular networks are not fractal. The reasons why 
these networks are not fractal make them more interesting to study than i f  they were 
fractal. Why these networks have not assumed a fractal configuration is central to this
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investigation, namely the processes responsible for valley formation. These are
suggested to be a suite of periglacial snow melt processes, resulting in an optimal
network structure which is suggested to be not fractal.
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7. E x a m in a t io n  o f  Valley  C r o ss-Se c t io n s
7.1 Introduction
Visual examination of cross-sectional form of the valleys in the field shows that 
the lower reaches of the valleys tend to be deep and narrow, whilst in the headwaters 
valleys are comparatively wider and shallower. In both locations a flat valley floor is 
present. In terms o f the generic classification of floodplains given by Nanson and 
Croke (1992), this indicates a very high energy fluvial environment. Nanson and Croke 
suggest stream power values for this type of confined valley of over 1000 W  m'L To 
quantify descriptions of valley cross-sectional form and to determine whether valley 
asymmetry was present a detailed analysis of valley cross-sections was conducted. The 
techniques associated with this analysis are outlined in section 7.4.2 below.
An asymmetric valley cross-section is usually taken as an indication of activity 
under periglacial conditions (excluding asymmetry that results from geological 
structure). Given that the hypothesised mode of formation for the Jersey valleys is as 
periglacial permafrost features, asymmetric cross-sections could be viewed as 
supporting evidence for this origin. I t is widely believed that in periglacial regions, 
differing radiation receipts on differing slope aspects lead to differing intensities of 
slope activity. These in turn lead to different slope gradients and give the asymmetric 
cross-sections. This is discussed in more detail in section 7.2 below. Most studies of 
valley asymmetry have researched differences between north and south-facing slopes. 
However, because of the tilted block structure of Jersey, with a regional dip to the 
South, it will be difficult to separate north-south asymmetry resulting from valley 
formation from that resulting from the underlying structure (all other factors being 
equal). Therefore, this study will concentrate initially on potential differences between 
east and west facing slopes. The issue of possible north-south asymmetry will be 
returned to later.
7.2 Previous Explanations of Valley Asymmetry
A variety of explanations of valley asymmetry exists, several of which appear to 
contradict other theories. In places these explanations are rather crude, especially some 
of the assumptions made concerning geomorphic process. The majority of these 
mechanisms are dependent on periglacial conditions. The issue of valley asymrrretry in
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temperate climates has still not been probed in as great a detail as periglacial
processes. The following summary is based on Currey (1964), for periglacial
hypotheses, and the more wide-ranging review of Kennedy (1976). This summary will
attempt to explain each of the following hypotheses in sufficient detail to justify and
explain how each hypothesis operates.
Several of the following hypotheses are founded on this difference in radiation 
receipts between slopes, and therefore it is necessary to consider this issue. As Kennedy 
(1976) notes, there is a difference between the amount of radiation received by south 
and north facing slopes (and also between east and west facing slopes). However, this is 
complicated by slope curvature and inclination, together with the width and depth of 
the valley, which would affect physical shading. In addition to this there is an 
asymmetry in precipitation receipts between different slope aspects, and under 
periglacial climates, the duration of snow cover. These in tum effect soil moisture 
content. From this Kennedy suggests that micro climatic differences may be of greater 
importance than global differences in radiation receipts. I t is also valuable to note 
Gregory’s (1966) caution about linking asymmetric slopes in temperate regions to a 
single process in a periglacial environment. Gregory notes that most temperate regions 
have experienced several periods of periglacial activity, during which different types of 
asymmetry could develop. However, Meiklejohn (1992, 1994) does suggest a range of 
hypothesis to explain how asymmetric valleys in South Africa developed under 
periglacial conditions. Against this, Wende (1995) provides four possible explanations 
that are independent of climate.
The range of possible hypotheses is as follows:
7.2.1 Coriolis Force:
This is the hypothesis that all rivers in high latitudes in the Northern hemisphere 
possess steeper right-hand banks. This is a result of Coriolis deflection which causes all 
streams to migrate towards that bank. In the Southern hemisphere this trend is 
presumably reversed. It is a little difficult to accept this hypothesis, as if  it was to be 
extended fully, valleys should constantly bend to the right and never to the left. This 
clearly does not happen, and if  it did, would surely lead to rivers with a spiral plan 
form. Kennedy (1976) points to research by Fairchild (1932) together with that of 
Currey (1964) and Carson and Kirkby (pp 385-386) (1972a) which support the 
irrelevance of Coriolis deflection in studies of valley asymmetry. Indeed, even Davis 
dismissed the possibility of this mechanism actually functioning (Davis, 1908).
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This would lead to a steeper right-hand bank
7.2.2 Early Thaw:
South-facing slopes receive more insolation than north-facing slopes (in the 
Northern hemisphere) (Kennedy, 1976). In regions of permafrost this leads to earlier 
and more complete active layer thaw. Hence the south-facing slope presents less 
resistance to the stream flowing through the valley than the north-facing slope. 
Therefore, the stream preferentially erodes towards the south-facing slope, over 
steepening it. This assumes that the majority of fluvial activity occurs during melt out, 
which is certainly supported by field evidence (see section 4.5). However this also 
assumes that partially thawed permafrost presents relatively little resistance to erosion. 
This hypothesis also ignores any possibility of slope movement or sediment deposition 
at the foot of the south-facing slope, which could lead to the stream channel migrating 
away from that slope. Additionally this assumes an initial symmetric cross-section. 
Finally, this hypothesis is further weakened as it completely ignores the effects of snow 
cover. Snow melt could lead to increased fluvial erosion of the slope (i.e. rills and 
gullies), alternatively snow cover could act to insulate the permafrost and delay 
thawing.
This leads to a steeper south-facing slope.
7.2.3 Stream Migration:
Again south-facing slopes receive more insolation, this results in the north-facing 
slope remaining frozen during spring snow melt. This reduces infiltration on the north- 
facing slope, increasing the amount of overland flow and hence erosion of surface 
material on this slope. This material is re-deposited at the bottom of the slope, close 
to the stream and causes the stream to migrate towards the south-facing slope, eroding 
and steepening that slope. This requires that slope wash would lead to significant 
amounts of sediment transport, and when this sediment is deposited this would present 
a significant obstacle to the stream. This hypothesis is weakened by evidence that slope 
wash sediment tends to be very fine and as such would be easily removed by a powerful 
meltwater stream. This mechanism would be more feasible if  gully erosion occurred 
rather than slope wash, this might lead to the deposition of fan-like features at the slope 
foot, and these might present significant resistance to erosion.
A similar application of this hypothesis is offered by Hadley (I96I) for the 
‘High Plains’ region of the US. Hadley suggests that radiation differences increase the
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amount of evaporation of snow cover on the south-facing slopes. This leads to a
moisture deficiency, and therefore less vegetation. This provides less protection from
sheet erosion and rilling, and therefore greater amounts of erosion reducing slope
gradient. This in turn leads to formation of alluvial and debris fans at the foot of this
slope and therefore stream migration towards the north-facing slope, over steepening
this slope. North facing slopes are stated to be steeper, less dissected and with more
luxuriant vegetation. Hadley also looks at drainage density in N E Wyoming. When
valleys are divided into north and south facing slopes, then drainage density on the
south facing slopes is more than double that of the north facing slopes.
This leads to a steeper south-facing slope.
7.2.4 Increased Freeze-Thaw:
The south-facing slope, receiving more insolation, is subject to more freeze- 
thaw cycles than the north-facing slope. This increases physical weathering, solifluction 
and other slope processes, leading to a steepening of that slope. This hypothesis is also 
suggested by Oilier and Thomasson (1957) for the valleys of the Chilterns. 
Unfortunately this hypothesis is at odds with the suggestion that solifluction and most 
other slope processes lead to a lowering of slope gradients. Additionally, it is 
dependent on freeze-thaw as a significant geomorphic process. This is not certain. Given 
the nature of the temperature regime in periglacial environments, the type of regular 
temperature fluctuation around 0°C necessary for freeze-thaw is not certain. Although 
temperature fluctuation around 0°C does occur, it appears to be irregular and therefore 
unlikely to lead to a ‘classical’ freeze-thaw regime.
This leads to a steeper south-facing slope.
7.2.5 Snow Accumulation;
Greater snow accumulation occurs on the lee slope. In western Europe (and 
Jersey) this is assumed to be the east-facing slope. This results from a continuation of 
interglacial westerly circulation off the Atlantic bringing storms into Europe. However, 
such a continuation of interglacial atmospheric circulation need not occur. However, the 
hypothesis of increased snow accumulation on the east-facing slope remains. The 
increased volume of snow melt leads to increased solifluction on that slope. The 
increased solifluction will lower the gradient of the east-facing slope, whilst the 
solifluction debris accumulates in the valley floor. This deflects the stream towards the 
wind-ward slope, leading to steepening o f that slope. This is dependent on increased
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snow melt on the lee slope, leading to saturation of that slope. Whether is would occur
is uncertain, as the east-facing (lee) slope would receive less insolation than the west
facing slope. Furthermore this hypothesis relies on ground saturation through surface
snow melt, ignoring possible runoff over the snow surface and the possible protection of
the permafrost by snow insulation. An identical hypothesis is demonstrated to be valid
by French (1971) for Banks Island in the Canadian Arctic. Here steeper slopes face
south-west in valleys orientated north-west to south-east.
This leads to a steeper windward slope, in Jersey this would be the west-facing
slope.
7.2.6 Snow Melt:
Again there is greater snow accumulation on the east-facing lee-slope. However, 
in this hypothesis, this gives a greater volume of meltwater from this slope. This forces 
the stream to migrate away from this slope, towards and over-steepening the west- 
facing wind-ward slope. I t is questionable whether simply the volume of water 
supplied from one slope would lead to the stream migrating away from that slope. 
Again issues of lower insolation on the east-facing (lee) slope means it is questionable 
whether the lee slope would supply more melt-water. However, Czudek (1993) suggests 
that a variation of this hypothesis is valid for north-south orientated valleys in western 
Czechoslovakia
This leads to a steeper wind-ward slope, in Europe this is the west-facing slope.
7.2.7 Snow Protection:
Greater insolation on south-facing slopes leads to an earlier and more complete 
snow melt. For the north-facing slopes this decreases snow melt, protecting that slope 
from erosion, whilst the south-facing slope is subject to increased erosion, lowering 
slope gradients. This assumes that snow provides significant protection on the north- 
facing slope. However, the greater insolation on the south-facing slope would lead to 
earlier snow melt, which might lead to greater erosion and slope processes, decreasing 
slope gradient. Again this hypothesis concentrates on snow melt, not permafrost melt, 
which is probably a more important influence on slope processes.
A variation on this hypothesis was given by Russel (1931). Russel suggested that 
snow cover would persist longer on north-facing slopes, and would protect this slope 
from denudation. The south-facing slope lacks this protection, and is subject to greater 
amounts of slope activity. This leads to a reduction in the gradient of the south-facing
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slope, producing a steeper north-facing slope. Russel built on this by suggesting that for
the USA the 32°F (0°C) January isotherm marked the southern boundary of
asymmetric valleys with steeper north-facing slopes. This argument is rebutted by
Bryan and Mason (1932) who suggest this trend is something of an oversimplification,
especially as asymmetric valleys also occur in arid regions.
This leads to a steeper north-facing slope.
7.2.8 Decreased Freeze-Thaw;
North-facing slopes receive less insolation, and are subject to fewer freeze-thaw 
cycles and less slope activity. This leads to the north-facing slopes retaining their 
initial steepness, whilst the increased activity on the south-facing slope flattens this 
slope. This theory is founded on the assumption of initial steepness for the north-facing 
slope, the importance of freeze-thaw, and significant differences in insolation receipts. 
Furthermore this is a direct contradiction of hypothesis 4 (increased freeze-thaw, 
section 7.2.4) which states that increased freeze-thaw on the south-facing slope leads to a 
steepening of that slope. O f the two theories, that of decreased freeze-thaw (this 
section) and a steeper north-facing slope seems more reasonable. This hypothesis 
suggests that a lack of activity leads to a slope retaining steepness, not that increased 
activity further increases steepness.
This leads to a steeper north-facing slope.
7.2.9 Insolation and Oversteepening:
Wright (1961) notes that the asymmetric valleys of Europe have steeper south- 
and west- facing slopes. This is thought to be a result of greater insolation on the south- 
facing slopes, and the west-facing slopes receiving the warmer afternoon sun. This leads 
to earlier melting, giving greater runoff which increases erosion on these slopes. Slower, 
more prolonged solifluction on the opposite, shallower slopes leads to an accumulation 
of debris, forcing the stream to migrate away from this slope, and over-steepening the 
south- and west-facing slopes.
This leads to a steeper south- and west-facing slopes.
7.2.10 Spring Solifluction
Wright (1961) suggests that, in conflict with hypothesis 9 (section 7.2.9), true 
dry valley heads (dells) have reversed asymmetry, with the north- and east- facing 
slopes being steeper. This is thought to be a result of increased spring solifluction, 
lowering south and west facing slopes, and the lack of a stream to remove debris.
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This leads to a steeper north- and east-facing slopes.
7.2.11 Down Cutting
Hopkins (1961) briefly discusses asymmetric valleys in Central Alaska, where 
steeper north- and east-facing slopes occur. Hopkins dismisses the possibility that this 
might result from increased radiation receipts and therefore slope activity on the south- 
and west-facing slopes (hypothesis 10, section 7.2.10). Instead, slow migration of 
streams over a prolonged period, towards the south and west has led to slope 
steepening. Hopkins admits that the cause of this migration is unknown (pp 116). In the 
absence of an explanation it is tempting to dismiss this hypothesis, or to attribute it to 
the mechanisms discussed under hypothesis 10. However, this study will assume that 
there is a valid cause of this migration, but that Hopkins was unable to uncover this.
This would lead to steeper north-facing slopes.
7.2.12 Bedding
In regions of sedimentary rocks with dipping bedding, down cutting rivers can 
result in asymmetric valley cross-sections. If the river flows at ninety degrees to the dip 
then it is likely that the river will not only down cut but will also erode laterally, down 
dip. In Jersey this effect might be ignored; all the catchments studied are either on the 
Granites and Diorites, which possess no dip, or the highly folded Jersey Shale, where 
there is no uniform orientation of dip. Note that in the following discussions, this form 
of ‘geological asymmetry’ will be ignored. There is a further complication, namely 
structure. As noted elsewhere, Jersey resembles a tilted block, which gives a preferential 
drainage orientation to the south. For streams with flow in an east-west direction, this 
tilted block form gives a tendency for the stream to migrate to the south, down dip, 
steepening north-facing slopes.
This would lead to steeper north-facing slopes.
7.2.13 Warping
This is described as “general differential movements o f the land surface” by 
Kennedy (1976, pp 189), and is the result of recent geological processes. Such m ild 
crustal deformation results in tilting of the ground surface, and previously symmetric 
valleys become shifted into asymmetry. This process is used by Coleman (1952) and 
Clayton (1957) to explain valley asymmetry in southern England. This process appears 
to be similar to the tilting of Jersey, although giving less pronounced dips. Both 
Coleman and Clayton imply that this -process would result in a regional trend of
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constantly (for example) north-facing slopes. Whether this does occur is uncertain, but
this hypothesis would be weakened by the absence of a single regional trend.
Furthermore, the underlying cause of this tilting is not rigorously discussed, although it
is related to crustal deformation. Whether this is a result of global plate tectonics,
localised activity, or isostatic movement is not clear. Unless this issue is resolved, the
possible effects of crustal warping and as a cause of asymmetry is not certain.
A similar mechanism is proposed by Woods (1989) for the Mount Lofty 
Ranges of South Australia. (Incidentally Woods notes that asymmetry resulting from 
climatic controls should be reversed in the southern hemisphere.) In this situation the 
lateral erosion of rivers is a product of uplift and crustal tilting.
This would lead to steeper north-facing slopes on Jersey.
7.2.14 Variable Lithology
Where a valley coincides with the junction of two lithologies, which are of 
differing resistance, this leads to asymmetry as there is preferential lateral erosion 
towards the softer material, over steepening that slope. This would lead to a steeper 
slope on the softer rock, and the shallower slope on the hard rock. Despite Jersey’s 
diverse geology, there is only one incidence (transect P5) where the upper reaches of St. 
Peter’s valley forms the boundary between the Jersey Shale and the Northwest igneous 
complex. So, whilst this hypothesis may be valid elsewhere, it is not particularly 
relevant to Jersey.
7.2.15 Drainage Net Evolution
Kennedy (1976) suggests that under certain circumstances, the evolution of the 
drainage network may lead to valley asymmetry. These are sub-parallel drainage on a 
gently dipping surface, a situation that would certainly apply to Jersey, given a lower 
sea level. If there is an difference in rates of down cutting between a major and minor 
stream (for example between St. Peter’s and the adjacent St. Lawrence streams), then it 
is possible that the major stream could capture the minor stream. Kennedy suggests that 
this capture could lead to valley asymmetry in the lower reaches of the tributary. How 
this would occur is not discussed in any amount of detail. Presumably as the higher, 
minor stream erodes down towards the lower major stream, this migration leads to 
steepening of one slope. This method may apply to Jersey and would lead to the 
localised variations shown in Table 7.2.16-A.
Wende (1995), working in Bavaria, Germany suggests a similar theme. Here
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Catchment Steeper slope
St Peter s Major Catchment
St Lawrence East-facing (to St Peter’s)
Trinity Major Catchment
St John West-facing (to Trinity)
La Vallée de Vaux Highly uncertain.
Table 7.2.16-A: Localised trends of steeper slope 
competition for drainage areas between adjacent, sub-parallel networks leads to 
differing rates of lateral valley migration and hence valley asymmetry. Wende 
proposes a variation on this hypothesis, where competition between headwater streams 
leads to differing rates of headward erosion and hence the development of asymmetry. 
Finally, Wende suggests two hypotheses based on terrain slope and tilting. The former 
was first proposed by Fiorton (1945) and could well explain why north facing slopes in 
Jersey are consistently steeper (assuming this to be the case). The later could also 
explain asymmetry in the east-west orientated valleys, assuming valley erosions was 
contemporaneous with the uplift and tilting. For Jersey this has always assumed not to 
be the case, with the valleys being much younger than the Tertiary tectonics (see chapter 
2 and references therein).
7.2.16 Vegetation
Bryan and Mason (1932) suggest in arid regions, north-facing slopes have greater 
protection from the sun and so experience less evaporation, this increases soil moisture, 
and allows for denser vegetation. This in turn prevents erosion and this means that north- 
facing slopes retain steep gradients, increased fluvial activity on the south-facing slopes 
leads to a lowering of slope gradients. Dohernwend (1978) and Kane (1978) both 
investigate asymmetry in Californian valleys, where north-facing slopes are steeper. 
Here, air above south-facing slopes was warmer and drier than the north-facing slope. 
South-facing slopes are estimated to receive 30% more incoming radiation than north- 
facing slopes. This leads to vegetation differences between slopes, there is more bare 
ground on the south-facing slope, furthermore, soils are deeper on the north-facing slope. 
Kane concludes that the asymmetry is a result of contemporary processes: The greater 
radiation receipts on the south-facing slope leads to cross-sectional differences in 
vegetation types, and density. This leads to overland flow erosion being more 
significant on the drier, less vegetated south-facing slope. This leads to more erosion 
and the development of a greater stream density, and lower slope gradient.
Both o f theses lead to steeper north-facing slopes.
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7.2.17 Snow Patches
Kennedy and Melton (1972) investigate asymmetry in the region around 
Mackenzie River Delta, and suggest that snow patches on north-facing slopes are an 
important control of gradient. Snow patches form at the base of the north-facing slope, 
these lead to the development of nivation hollows, and the slope gradient increases. The 
stream incises, and erodes preferentially towards the north-facing slope. This leads to 
further steepening. The importance of snow patches then declines, but river erosion 
continues, retaining asymmetry. However, rill and gully erosion on the south-facing 
slope may continue, and retain this slope’s steepness. This situation is complicated 
spatially, in the upper valley reaches, there is more undercutting and fluvial erosion on 
north-facing slopes, and in general processes are less active on south-facing slopes. 
However in lower valley sections, where the wider valleys mean that south-facing slopes 
receive more radiation, rill wash and gully erosion somehow lead to slope steepening. 
How this works is not made clear.
This leads to steeper north-facing slopes in upper valley reaches
7.2.18 Combination
Finally, Meiklejohn (1994), working in the valleys of south-eastern Alexander 
Island, Antarctica, suggests a combination of the above hypotheses. The valleys studied 
were formed by glacial erosion, but the observed asymmetric form is thought to result 
from contemporary periglacial processes following deglaciation. Note that this 
research was based in the southern hemisphere, therefore, in order to avoid confusion 
slope aspect will be refereed to as either equator- and pole-facing, rather than north- or 
south-facing.
On Alexander Island, the pole-facing (i.e. the local south-facing) slopes receive 
less solar radiation than the equator-facing slope, and this gives a lower average ground 
temperature compared to the equator-facing slope. This results in a shallow active 
layer, and a protective cover of snow. These combine to give lower rates of weathering 
and less mass movement on the pole-facing slope. Because the valley under examination 
was formed by a glacial erosion, the reduced activity on the pole-facing slope leads to 
a retention o f slope steepness. The more active equator-facing slope is subject to a 
gradual reduction in slope gradient.
This hypothesis is supported by field evidence, and appears to be sound for the 
environment in which it was developed. Note that this hypothesis is based on the 
modification of existing slopes, in this case slopes in a glacially eroded valley. How
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this hypothesis would operate in Jersey, where slope activity is hypothesed to be
contemporaneous with the fluvial erosion of the valley, is uncertain. However, it would
seem feasible to suggest that the general model would still hold, albeit with slight
modification. Meiklejohn (1994) represents this model in terms of a flow chart shown
in Figure 7.2.18-A.
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Figure 7.2.18-A; A model to explain the development of asymmetric valleys. After Meiklejohn
(1994), pp 70.
This model is a graphical explanation of the interrelated factors that lead to 
valley cross-sectional asymmetry. One starts at the top of the diagram and follows the
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various links, eventually determining the aspect of steeper slope. This model was
developed for Antarctica, and although the model in general could be expected to be
valid for Jersey, the specific details of the model may not.
This leads to steeper pole-facing slopes.
7.2.19 Summary
The various hypotheses are best summarised in a table. Table 7.2.19-A:
Hypothesis Steeper Slope
1 C oriolis ‘Right Hand’
2 Early Thaw South-facing
3 Stream Migration South-facing
4 Increased Freeze-Thaw South-facing
5 Snow Accumulation Windward (West-facing)
6 Snow Melt Windward (West-facing)
7 Snow Protection North-facing
8 Decreased Freeze-thaw North-facing
9 Insolation & Oversteepening South- & West-Facing
10 Spring Solifluction North- & East-Facing
11 Down Cutting North- & East Facing
12 Geological Structure North-facing (Jersey)
13 Warping North-facing (Jersey)
14 Variable Lithology Not relevant to Jersey
15 Drainage Network Evolution See Table 7.2.16-A above
16 Vegetation North-facing
17 Snow Patches North-facing
18 Combination Pole-facing
Table 7.2.19-A: Summary of the various explanations o f valley asymmetry 
This outlines which slope can be expected to be steeper under the various 
hypotheses. Having reviewed all the proposed explanations, it is now possible to begin 
research on Jersey to determine which (if any) slope aspect demonstrates steeper 
gradients. This will begin in the next section.
7.3 Initial Transect
It was decided to begin this study with an East-West transect across the major 
south flowing valley systems. This transect is shown in Figure 7.3-A below. I t was 
hoped that this initial investigation would throw light on any general patterns of valley 
form and provide an indication of where a more detailed follow-up study should 
begin. The position of this first transect was chosen in order to cover the maximum 
possible number of valleys and hence range of features. The transect d i d not lun exactly 
east-west. Rather in order to display the nature of the valley slopes it runs perpendicular 
to the contours, this means that the transect runs from slightly south of east to slightly 
north of west. This results in this transect covering lower portions of St. Peter’s and St. 
Lawrence, and the middle of St. John, La Vallée de Vaux, and Trinity, as shown in
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Figure 7.3-A and B.
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Figure 7.3-A: Map showing the path of the initial transect
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Figure 7.3-B: The Transect across the Island, running from West to East. Note the expanded y-axis 
The data source for the initial transect was the 1:25,000 coloured map of Jersey. 
This map was used in preference to the 1:10,000 maps for a variety of reasons. Most 
importantly the contours on the 1:25,000 map are clearer than on the 1:10,000. This is 
because they are coloured and the 1:25,0^00 is less prone to fading than the 1:10,000
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dye-line map. This ease of measurement more than compensates for any reduction in
data precision. The contours on the 1:25,000 map are at a 20 foot vertical interval
(whilst the 1:10,000 maps used 10 foot intervals), requiring conversion into metric
units.
Horizontal distance measurement was by either divider and ruler or ruler and 
magnifying glass. The transect was drawn on an overlay of tracing paper from an origin 
at 600520. As noted above the transect runs perpendicular to the slope contours. This 
means that the transect does not follow a perfectly straight line. The distance from the 
origin and the height of the contour were entered into an Excel workbook, where the 
data were converted into metres. Visual examination of the valley cross-sections 
suggested that many of the valleys displayed asymmetry. However, more detailed 
discussion is not particularly meaningful given the nature of the data, being derived 
from the 1:25,000 maps. Therefore it was decided to attempt a more detailed 
analysis.
An identical methodology was used for the catchment transects (see below), 
with the exception that the 1:10,000 maps were used. I t was decided to return to this 
map for a variety of reasons. These include the fact that the stream network was 
delimited on these maps, hence it was easier and quicker to locate and label valleys 
using these maps. Additionally, the larger scale made measurement of the distance of 
separation between contours marginally easier. Finally the 1:10,000 maps use a 10 foot 
contour interval, this gives considerably more detail on slope form.
7.4 Catchment Transects
7.4.1 Introduction
Data on valley side slopes were collected for the major valleys of St. Peter’s, 
St. Lawrence, St. John, I^  Vallée de Vaux, and Trinity. These data consist of a series 
of transects that run in an approximately West to East direction across the highest order 
stream in the catchment, together with a series of transects that run approximately 
North-South across tributary streams. Contour height and distance of separation 
between contours were collected, this allowed for reconstruction of the slope profile 
across these valleys. Alternative approaches to this are possible, but were not available. 
For example, the cross profiles could be digitised and then analysed. However, this was 
not thought to produce any significant advantages in comparison to the pen and paper 
approach used. Additionally, any potential advantages were outweighed by the
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disadvantage of the ready availability of digitising apparatus. Likewise, field transects
• could have been survived, however this would create problems similar to those 
discussed in section 5.5. Alternatively, a GPS could have been used, however, problems 
with the accuracy of GPS, particularly with respect to height information suggests that 
this would not be suitable.
7.4.2 Methodology
Few of the transects are orientated exactly West-East or North-South. This is a 
result of the sinuous nature of the valleys and the large number o f tributary valleys. 
These result in a lack of locations where perfect West-East or North-South transects can 
be established. Additionally, in order to trace transects directly downslope, 
perpendicular to the contours, transects had to be drawn orientated away from the 
perfect west-east or north-south aspect. This lack of perfectly orientated transects did 
raise problems later in the analysis. In each catchment five transects were taken.
It was attempted to space cross-sections uniformly within a catchment, and 
illustrate as much of the catchment as possible. However, in order to ensure that the data 
was as accurate as possible, profiles were located in positions where the clearest cross- 
section could be obtained. This means the spacing of cross-sections is neither random 
nor uniform. Cross-sections^ were located in positions that displayed a clear valley 
form, preferably without features overlaid on the map (e.g. woodland) that confused 
contour location. East-West cross-sections were located between tributary valleys so 
that the morphology of the main valley was studied rather than the form of the junction 
of main and tributary valleys. This immediately reduces possible locations and in 
areas with high drainage densities, such as St. Peter’s, uniform location of valley cross- 
sections is impossible.
The data from the transects were collected and entered into an Excel workbook 
for more detailed analysis. Graphs of this data did indicate that many of the cross- 
sections displayed asymmetry and that considerable differences in valley cross- 
sectional form occurred. These graphs are produced in Figure 7.6.1-A to Figure 7.6.5-E 
below, classified by catchment.
Visually these graphs show an apparent asymmetry. To attempt to demonstrate 
whether this is significant, a detailed analysis was attempted. However before this 
could begin, it was necessary to quantify the ‘steepness’ of the valley side slope. Because 
of the potential inaccuracies involved in measurement of contour separation it was 
decided not to use the maximum steepness of any particular slope segment (that is the
Andrew Wright, PhD Thesis, Roehampton Institute London, June 1997
Page 205
The Palaeohydrology o f  Jersey, Chapter 7, Valley Cross Sections 
distance between two adjacent contours). On very steep slopes, the closeness of the
contours made accurate measurement of separation difficult, and these potential errors
would have an increased impact if the angle of the steepest segment was used.
Therefore it was decided to use an ‘average’ value of slope gradient rather than 
the maximum, a value that would be more representative of the whole slope profile. 
This raises an immediate problem, defining what is the ‘main’ or most representative 
section of slope on the valley cross-section. Inspection of the graphs below shows that 
almost all of the profiles can be sub-divided in the classical three-fold division of 
slopes. There is an interfluve area, on Jersey this is typically the 60 m plateau, a distinct 
slope section, and a valley floor. The break of slope between the valley side and valley 
floor was taken as the bottom of all of the slopes. Typically the transition from slope 
to valley floor was very abrupt, making this a clear boundary. However, definition of 
the upper boundary of the slope was more difficult, with a more gradual transition into 
the plateau, giving a curved, convex-up surface. But, in the majority of cases, a break of 
slope of some kind is apparent. This break of slope is used as the upper boundary of the 
main slope.
Having defined where the main slope is, it is necessary to quantify the steepness 
of this. Three approaches are used. Firstly, the angle of the whole main slope unit was 
calculated. This uses the height difference between the upper break of slope and the 
valley floor, the horizontal distance between these and applies trigonometry. This 
measure is referred to a the angle o f main slope. The second measure calculates the 
steepness of each slope segment (the region between two contours) for the main slope, as 
defined above, then the mean value of these segments is found. This method is termed 
the mean angle o f slope segments. The third method calculates the modal values of all of 
the slope segments, this is termed the modal angle o f slope segments.
Theoretically, these measures should agree perfectly. However, this is not 
always the case. O f the 25 East-West transects measured, 14 show perfect agreement 
between the three different methods of classifying the aspect of steeper slope. O f the 
remaining 11 transects, there is agreement between two of the methods. In these cases, 
the slope shown to be steeper by two of these methods was taken to be the aspect of 
steeper slope. There are an additional 3 transects (V4, J l, and T l)  which are indicated 
to symmetrical by the mode o f slope segments method. Fortunately, for these transects, 
there is agreement between the other two methods. Cross-sections for individual 
transects and aspect of steeper slope are shown below in section 7.6.
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Additionally an ‘index of asymmetry’ was developed. This ratio builds from
the three methods o f defining slope steepness, for each method the asymmetry index 
was calculated from:
Gradient of West Facing Slope
Asymmetry Index A = -------------------------------  —
Gradient of East Facing Slope
Equation 7.1
This index was used for all three of the methods of defining slope gradient, and 
also allows comparison between methods. The asymmetry index produces a range of 
values depending on which slope is steeper. These values are:
Steeper west facing slopes; A < 0.97,
Symmetrical slopes; A = 0.98-1.02
Steeper east facing slopes; A > 1.03
Using this index, the further the value departs from 1.0, the greater the degree of 
asymmetry between slopes. Alternative indices of slope asymmetry exist, including 
that given by Gardiner (1995), this is:
Relative Slope Asymmetry G = — — —  
(A+B)/2
Equation 7.2
Where A and B are slope angles. Note that Gardiner uses maximum slope 
angles, however in this study the ‘mean value of slope segments’ data were used (see 
discussion on different methods of quantifying slope gradient above). A log-log 
regression between the Gardiner method and the slope asymmetry index A produces a 
very high degree of correlation, with an r^  value of 0.9994 (significance level is p < 
0.05) indicating that this is a significant correlation. From this it may be concluded 
that the asymmetry index A is a satisfactory indicator o f the degree of asymmetry 
between slopes. Hence, the asymmetry index will be used rather than the Gardiner 
equation.
7.5 East-West Transects; Field Checking
7.5.1 Justification
Just as field checking of the ‘blue-line’ stream network was necessary to confirm 
the location of streams (see section 5.3.5), it was decided that verification of slope 
angles would be beneficial to the study of valley cross section asymmetry. Initially it 
was thought that accurate levelling of complete transects would be necessary. However,
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equipment and personnel constraints, together with a re-examination of what was
* necessary for field verification, led to a change in methodology. Additionally, further 
problems of access whilst in the field, and helpful early results led to the adoption of 
the Abney level methodology outlined below.
7.5.2 Methodology
Firstly the location of a transect was found on the ground’. Initially it was 
hoped to follow a complete transect and collect data on slope angles along the entirety 
of this. However, it became clear that not only was this impracticable, it was also 
unnecessary. A ‘representative’ section of the steepest part of the slope, with good 
access, was located. The principal problem with finding such a section of slope is that 
many of the transects ran over modified slopes. For example, some sections were over 
steepened by the construction of roads, whilst other sections were flattened to allow 
more productive agriculture. Hence it was necessary to find a section of slope that was 
reasonably ‘natural,’ without a high degree of human modification. Additionally such a 
section had to be representative of the steepest section of the slope.
When such a section was found, a measuring tape was used to define the region of 
slope to be studied. The tape was orientated in the same direction as the map transect, 
or as close to this as possible. The location of the tape was chosen to be as close to the 
transect as possible. The position of the start of the tape was recorded, so that the field 
data could be located on the maps. Next a 50 cm rule was placed on the ground at the 
start of the measured section and an Abney level was used as a clinometer to determine 
the angle of the rule off the horizontal, this is the slope angle. The 50 cm rule was used 
to produce an ‘average,’ flat surface, free from too many surface irregularities, that 
would be representative of the valley side slope at that point. I t was possible to 
estimate slope angle to within 0.5° using the Abney level, however, factors such as ruler 
flex and the inherent inaccuracies of the Abney reduced this accuracy of this 
measurement.
This measurement of slope angle was repeated at regular intervals, at least ten 
times on any particular slope. Measurement was at either a 50 cm or 1 m interval. 
Ideally this measurement would be along the tape measure, in order to gain an 
impression of how the slope steepness changed along the transect. However, on some of 
the slopes it was impossible to lay out a transect of any length. This was a result of the 
very high density of vegetation on the slopes. In places slopes would only be accessible 
i f  one were armed with a machete. In these cases, a series of spot measurements were
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taken.
It quickly became apparent in the field that these data were confirming existing 
trends on the aspect of steepest slope. However, the advantages of taking a series of 
measurements of slope steepness became apparent. Many of the transects taken ran along 
apparently linear slope sections. However, at the measurement scale, the slopes are quite 
irregular. The 50 cm rule was used in an attempt to reduce this irregularity. However, 
many of the measurements were of local slope irregularities, caused by the presence of 
tree roots, vegetation litter, and stones, and soil irregularities, these gave a range of 
values for slope steepness on what would be otherwise a linear slope. The use of several 
measurements and calculation of the mean and mode d id  reduce these problems. Any 
single measurement appears to index local slope steepness, the use of a transect and 
multiple measurements gives a more representative measurement of the steepness of the 
slope as a whole. I t  quickly became apparent that the field data d id  confirm the 
existing morphometric information, as discussed in sections 7.5.3 and 7.5.4 below.
7.5.3 Data
Data were first collected in the Trinity catchment (Transects T2, T3, T4 and 
T5) on 2/6/95, and are summarised in Table 7.5.3-A and shown together with the map 
data in Table 7.6.6-A. This was followed by St Lawrence (L2, and L4) on 3/6/95, and 
St. Peter’s (P2 and P3) on 5/6/95. These data, together with visual examination of 
transects which were physically inaccessible, showed an agreement with the 
morphometric data over which slope was steeper (as discussed in section 7.5.4 below), 
with the exception of transect P3 (see note at the start of section 7.6.1). A t this point, 
with a limited period of time on Jersey, it was decided to pursue other projects.
These data maybe summarised in Table 7.5.3-A. Note that the mode is given 
here rather than the mean or median. This is because the mode was thought to be a more 
suitable measure of central tendency than either the mean or median, as these are more 
likely to be influenced by extreme values. It was felt that such extreme values, at the
Transect Modal Value; West Slope /  
Decrees
Modal Value; East Slope /  
Decrees
Aspect o f  Steeper Slope
P2 22.5 32 East Slope
P3 33 36 East Slope
L2 13.5 36 East Slope
L4 40 33 West Slope
T 2 19 21 East Slope
7 3 29.5 14 West Slope
7 4 18 12 West Slope
7 5 18.5 23 East Slope
Table 7.5.3-A: Field Data on Slope Steepness.
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‘tails’ of the data distribution, could be a result of inaccurate measurement and slope
irregularities, so the use of mean and median should be avoided.
7.5.4 Analysis
To quantity whether there was a significant difference between the field and 
morphometric data (i.e. map derived) for the valley cross-sections, a more detailed 
analysis was conducted. This used A NO V A  to compare the values of slope angle (in 
degrees) between field and morphometric data for each slope. For each slope, values of 
morphometric slope angle was compared with the corresponding field data. Here the 
morphometric data consists of the individual values of the angle of slope segments (i.e. 
the region between two contours) were used, rather than any of the three methods of 
defining ‘average’ slope steepness. For example, taking transect L2 in the St. Lawrence 
catchment, values of slope steepness collected as morphometric data were compared 
with the field data. In this example, there was no statistically significant difference 
between the two methods of collecting data. For this analysis, the significance level was 
p < 0.05. The results of this analysis as shown in Table 7.5.4-A.
Catchment Transect Slope Si^ificant Difference? Probability
St Lawrence L2 West-facing N 0 0.0960
L2 East-facing Yes 0.0126
L4 West-facing N 0 0.0518
L4 East-facing Yes 0.0020
St. Peter’s P2 West-facing Yes 0.0368
P2 East-facing N 0 0.6663
Trinity T 2 West-facing N 0 0.5413
T 2 East-facing Yes 0.0100
T 3 West-facing N 0 0.9468
T 3 East-facing N 0 0.8138
T 4 West-facing N o 0.5066
T 4 East-facing N 0 0.7385
T 5 West-facing Yes 0.0088
T 5 East-facing N o 0.6596
Table 7.5.4-A: Comparison of field and morphometric data.
This analysis shows that of the 14 slopes analysed, only 5 show a significant 
difference between field and morphometric data (significance level is p < 0.05). These 
differences can be explained by several mechanisms. Firstly this analysis compares the 
whole of the morphometric slope transect with a section of this in the field. This 
section was chosen in the field to be ‘representative’ of the whole slope. However, it 
would appear that for 5 slopes, the section measured in the field was not representative 
of the morphometric transect as a whole. Alternatively, the transects studied in the 
field may not match the location of the morphometric transects perfectly. It is feasible 
that during the process of copying the location of the transect from the 1:10,000 map
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from which data was taken, to the 1:25,000 map used to locate transects in the field,
that errors could be made. Further errors were possible when locating these transects in
the field, and additional errors could arise from the orientation of the transects. Errors
were possible in measuring transect orientation from the maps, and, again, these errors
could be compounded when the field transect was orientated. Against this, it must be
repeated, that of the 14 slopes measured, only 5 show statistically significant
differences between the morphometric and field data. Hence it is concluded that the
field and map data are comparable, and that the map based data are producing accurate
values of slope gradient.
7.6 Data Analysis; East-West Transects 
These transects ran approximately west-east across the main (fourth order) 
stream in the catchment. (Note on the interpretation of the valley plots of valley cross- 
sections: On the west-east transects the plots ‘look’ northward, up valley, that is the 
plots show west on the left hand side of the graph.)
7.6.1 St. Peter’s
Note on Transect P3: This transect was field checked. However, due to error in the field 
location of the transect (due to inaccurate recording of the transect location, and 
compounded by misinterpretation of this slight error in the field) the transect studied 
in the field was some 200m down valley of the transect studied on the maps. This error 
did not emerge whilst in the field, and only became apparent during the comparison of 
the field and map data. This revealed that for this transect, field and map data 
disagree. This is the only example of such disagreement. The field and map transects 
have the same orientation, running approximately normal to the valley axis. However 
the difference in the aspect of steepest slope is interesting, given that the two transects 
are only around 200 m apart. (This assumes that the morphometric data is a true 
representation of the field data, given the agreement of all the other transects, this is 
probably a valid assumption.) This difference illustrates the extreme local differences 
in asymmetry.
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Figure 7.6.1-A: Transect PI across St. Peter’s 
This transect has a steeper ^ y^r-facing slope
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Figure 7.6.1-D; Transect P4 across St. Peter’s
This transect has a steeper west-facing slope
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Figure 7.6.1-B; Transect P2 across St. Peter’s 
This transect has a steeper west-ïzcm^ slope
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Figure 7.6.1-E; Transect P5 across St. Peter’s 
This transect has a steeper ^ayf-facing slope.
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Figure 7.6.1-C; Transect P3 across St. Peter’s 
This transect has a steeper east-facing slope.
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7.6.2 St. Lawrence
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Figure 7.6.2-A; Transect LI across St. Lawrence 
This transect has a steeper east-ïzcmg slope
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Figure 7.6.2-D; Transect L4 across St. Lawrence 
This transect has a steeper e^wr-facing slope
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Figure 7.6.2-B; Transect L2 across St. Lawrence 
This transect has a steeper u/«r-facing slope
75
7 0 1
1.65.
5 5 .
50 i
0 50 150 200 250100
Distance from Start /  m
Figure 7.6.2-E; Transect L5 across St. Lawrence
There is disagreement over the aspect o f  steeper 
slope for this transect
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Figure 7.6.2-C; Transect L3 across St. Lawrence 
This transect has a steeper t?Æjr-facing slope
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7.6.3 St. John
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Figure 7.6.3-A Transect J1 across St. John
This transect appears to display a symmetrical cross- 
section
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Figure 7.6.3 -D; Transect J4 across St. John 
This transect has a steeper east-îzcmg slope
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Figure 7.6.3-B; Transect J2 across St. John
There is disagreement over the aspect o f  steeper 
slope for this transect
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Figure 7.6.3-E; Transect J5 across St. John
This transect has a steeper west-îzcm^ slope
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Figure 7.6.3-C; Transect J3 across St. John 
This transect has a steeper west-ïzcmg slope
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Figure 7.6.4-A; Transect VI across La Vallée de 
Vaux
This transect has a steeper tvest-ïzcmg slope
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Figure 7.6.4-D; Transect V4 across La Vallée de 
Vaux
This displays a steeper east-ïzcmg slope
75
70  i
65  î
I  6 0 1
S
45
40
200100 150500
Distance from Start /  m
Figure 7.6.4-B; Transect V2 across La Vallée de 
Vaux
This displays a steeper «/r?rf-facing slope
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Figure 7.6.4-E; Transect V5 across La Vallée de 
Vaux
This displays a steeper M/rwr-facing slope.
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Figure 7.6.4-C; Transect V3 across La Vallée de 
Vaux
This displays a steeper east-hdn^ slope
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7.6.5 Trinity
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Figure 7.6.5-A; Transect T l across Trinity 
This displays a steeper ^^rf-facing slope
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Figure 7.6.5-B; Transect T2 across Trinity 
This transect has a steeper west-îzcm^ slope
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Figure 7.6.5-D; Transect T4 across Trinity 
This transect has a steeper f^rf-facing slope
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Figiure 7.6.5-E; Transect T5 across Trinity 
This transect has a steeper u/^rr-facing slope.
Figure 7.6.5-C; Transect T3 across Trinity 
This transect has a steeper ^^r-facing slope
7.6.6 Results
These transects can be summarised in Table 7.6.6-A below. Note that this table 
uses the classification discussed in section 7.4.2 (on page 205) above, where three 
indices of steeper slope were developed. These attempt to indicate the ‘average’ 
gradient of the slope, and it is this ‘average’ which is used in all comparisons, as 
opposed to the maximum slope gradient.
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Catchment Transect Steeper Slope, Angle /  °, and Asymmetry Index A 
Main Slope Mean o f Mode o f  
Method Segments Segments
Field Data, 
Steeper Slope 
and Modal Slope 
An^le /  “
Transect 
Orientation 
/  Degrees
St. Peter’s PI East-facing, East-facing, East-facing, 90
22,1.23 21,1.38 27, N/A
P2 West-facing, East-facing, West-facing, West-facing, 55
26, 0.93 26, 0.88 34,1.21 32
P3 East-facing, East-facing, East-facing, West-facing, 30
30,1.57 29,1.54 24-31 36 (See note
(Bimodal), above)
1.31
P4 West-facing, West-facing, West-facing, 75
20, 0.77 20, 0.71 21,0.86
P5 East-facing, East-facing, East-facing, 81
28,1.53 26,1.37 31,1.72
St. Lawrence LI East-facing, East-facing, East-facing, 93
39,2.85 32,2.16 27,2.70
L2 West-facing, West-facing, West-facing, West-facing, 122
35, 0.50 42,0.43 46,0.46 36
L3 East-facing, East-facing, East-facing, 109
35,2.86 31,2.20 34,1.82
L4 East-facing, East-facing, West-facing, East-facing, 67
36,1.25 34,1.30 25,0.76 40
L5 West-facing, Symmetrical, East-facing, 95
23, 0.75 22, 0.96 22,0.85
St. John’s J1 West-facing, Symmetrical, Symmetrical, 91
27, 0.86 22, 0.98 24,0.98
J2 West-facing, Symmetrical, East-facing, 89
26, 0.96 -V 26, 1.00 31,0.75
J3 East-facing, East-facing, West-facing, 91
23,1.03 22,1.07 27,1.29
J4 East-facing, East-facing, East-facing, 90
24,1.09 23,1.06 24,0.89
J5 West-facing, East-facing, West-facing, 89
24, 0.89 24,1.23 24, 0.89
La Vallée de VI West-facing, East-facing, West-facing, 85
Vaux 24, 0.79 26,1.24 24, 0.55
V2 West-facing, West-facing, West-facing, 65
26, 0.88 24,0.93 21,1.49
V3 East-facing, East-facing, East-facing, 88
27,1.17 26,1.11 24,1.31
V4 East-facing, East-facing, West-facing, 104
18,2.03 23,1.77 19,9.6
V5 West-facing, West-facing, West-facing, 87
14,0.45 15,0.50 12,0.50
Trinity T l East-facing, East-facing, West-facing, 86
22,1.24 23,1.20 24,0.89
T 2 West-facing, West-facing, West-facing, West-facing, 21 96
24,0.63 26,0.68 21,0.79
T 3 East-facing, East-facing, East-facing, East-facing, 29.5 85
28,1.66 3L2..20 56,3.29
T 4 East-facing, East-facing, East-facing, East-facing, 18 98
21,1.54 29,2.42 27,2.09
T5 West-facing, West-facing, West-facing, West-facing, 23 114
27, 0.75 37, 0.57 72,0.26
Table 7.6.6-A: Summary of East-West transect data.
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7.6.7 Discussion
Generalisation to produce overall trends of asymmetry proved to be very 
difficult. In total there are 9 transects with steeper west-facing slopes, 13 with steeper 
east-facing slopes, and 3 that are symmetrical. For example in La Vallée de Vaux three 
transects have steeper west-facing slopes but two transects have the reverse, steeper east- 
facing slopes. This indicates some of the issues involved with the analysis of valley 
cross-sections, to quote Kennedy (1976, pp 180) “ *All valley cross-sections are 
asymmetrical, but some are more asymmetrical than others. ' ” This indicates the particular 
problems of defining when a valley cross-section becomes asymmetric.
In order to quantify whether the apparent visual asymmetry was significant a 
statistical analysis was conducted. This follows from Kennedy’s reasoning, that to term 
a valley asymmetric, there must be a statistically significant difference between slope 
gradients. Firstly an A N O V A  test was conducted on each transect, comparing the 
gradients of both slopes. This showed that, for each transect, there was a statistically 
significant difference (at a significance level of p < 0.05) between the gradients of the 
two slopes. This implies that the cross-sections are asymmetric. I t was then attempted 
to determine which slope was steeper, this classification used the three indices outlined 
in section 7.4.2 above. The three indices d id  produce some apparently contradictory 
results, these are shown in Table 7.6.6-A.
Mean Value o f Main 
Slope
Mean Value o f  Slope 
Segments
Modal Value o f Slope 
Serments
Significant 
Difference ?
Catchment F-test Prob. F-test Prob. F-test Prob.
St. John 0.7 0.4349 0.9 0.3706 0.1 0.7225 N o
St 0.9 0.3717 12.X10-2 0.9153 0.2 0.6791 N 0
Lawrence 
St. Peter’s 1.6 0.2404 0.9 0.3607 1.3 0.2982 N 0
Trinity 0.1 0.7148 0.3 0.6021 8.6x10-3 0.9283 N 0
La Vallée 1.6x10-2 0.9039 0.1 0.7156 7.1x10-3 0.9350 N 0
de Vaux 
St John 0.7 0.4332 3.1x10-2 .8639 3.1x10-2 0.8639 N 0
Table 7.6.7-A: Result o f the ANOVA test on steepness of east-west transects.
I t  was then attempted to determine whether one slope aspect was consistently 
steeper for any given valley. To do this, A N O V A  tests were run on the transects from 
each valley. A ll the east facing and the west facing slopes were grouped into two sub­
populations or treatments and the tests were performed for each of the three methods of 
classifying slope steepness. These indicated, for all catchments, there were no 
significant differences between the slope steepness of the different slopes when the data 
are collated like this. The F values from these tests are reproduced below together with 
the probabilities p. The significance level for this test was p < 0.05. These tests show
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(Table 7.6.7-A) that there are no significant differences between the steepness of the
slopes and aspect of any of the valleys, when all east facing slopes are compared to all
west facing slopes.
However, for individual transects, the differences are statistically significant. 
So by Kennedy’s definition, these are not really asymmetric valleys. However, the 
individual cross-sections do display significant differences. In order to determine 
whether there was an overall thread of one slope be consistently steeper for any given 
valley, a Chi-square test on the frequency of occurrence of steeper east and west facing 
slopes was performed. Grouping all the data on east-west transects together, this 
produces 9 transects with steeper west-facing slopes, 13 with a steeper east-facing 
slopes, and 3 where the different methods of defining steeper slope disagree, i.e. 
indicate symmetry. The Chi-squared test revealed that there is a significant difference 
between the number of occurrence of steeper east- and west-facing slopes and 
symmetrical cross-sections. This gives a Chi-square value of 6.080 (or a probability of 
0.0478), which is slightly significant (significance level p < 0.05). This indicates that 
there is a statistically significant difference between the number of transects with 
steeper east-facing slopes and the number with steeper west-facing slopes
That slope asymmetry exists is beyond question, and there is slight but 
statistically significant difference in the number of slopes with differing aspects. 
Statistically this results from the very low difference in slope angles. The precise 
physical cause of this is uncertain, this chapter aims to determine the cause of this slight 
asymmetry, if  at all possible. In most cases the difference in slope angles is only a 
matter of a few degrees. This might be explained as a result o f the very slight 
difference in radiation receipts between the different slopes, leading to only a minor 
difference in slope angles.
7.6.8 Transect Orientation
It is possible that aspect of steeper slope may be influenced by transect 
orientation. Take the example of east-west orientated transects where the east-facing 
slope is consistently steeper. This tread of steeper east-facing slopes may be 
superimposed on a trend of steeper north-facing than south-facing slopes. So if a transect 
is orientated Northeast-Southwest, these two (hypothetical) trends will be 
superimposed, so the slope that faces Northeast will be steeper that the Southwest 
facing slope. However, consider a transect that is orientated Northwest-Southeast, here 
it is not as easy to determine which slope will be steeper. I f  transect orientation
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approaches east-west then the east-facing slope could be expected to be steeper, if  the
transect orientation approaches north-south, then the north-facing slope will be steeper.
Where is the boundary between these trends? This returns to the above question, is there
a relationship between transect orientation and aspect of steeper slope?
In order to test this, an analysis between transect orientation and aspect of 
steeper slope was begun. Note that when the data on the transects was collected, it was 
attempted to orientate transects exactly east-west. This was not possible for all the 
transects, given the problems in locating clear transects for easy measurement, 
orientation frequently departed from 90°, this gives the data for transect orientation. It 
is not possible to simply compare transect orientation in degrees to asymmetry, a 
transect with orientation of 269° and one of 89° have the same orientation. (This 
problem became more important with the north-south transects, and transects with 
orientations of 1° and 359°). To alleviate this problem for the east-west transects, the 
sine of the orientation was taken, this means transects with an orientation of 0° or 180° 
have a sine orientation of 0.00, transects with an orientation of 90° give a sine of 1.00, 
and 270° -1.00. This does not wholly solve this problem, an orientation of 89° gives a 
sine of 0.999, but 269° gives -0.999. To eliminate the negative values the sine of aspect 
data were squared, and then the square root taken, this removes the negative signs. 
Mathematically, this approach may appear long-winded, however when a spreadsheet is 
used, this is the most efficient means of removing the sign. Mathematically, this is:
Index of transect orientation = -t/(SineTran sect Orientation)^
Equation 7.3
This signless index of transect orientation was then compared to the asymmetry 
index A, using simple linear regression. This showed that there was no relationship of 
any significance (significance level is p < 0.05), r^  is 0.001, and p is 0.8552. 
Graphically, these data are shown in Figure 7.6.8-A.
To determine whether the relationship between orientation and aspect of steeper 
slope was non-linear a second order polynomial regression was attempted. This 
produces a slighdy stronger, although still insignificant relationship, with r^  being 0.1, 
and p 0.346 (significance level is p < 0.05). This is not an improvement over the 
simple, linear regression, which suggests that further analysis will not produce great 
improvements in the strength of the relationship. From this it maybe concluded that 
there is not a simple relationship between transect orientation and aspect of steeper 
slope of any strength, and that transect orientation does not affect the aspect of steeper
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Asymmetry Index 
Against the Sine of Aspect
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Figure 7.6.8-A: Plot o f transect orientation index against asymmetry index (also showing regression
relationship).
slope. This was unexpected, however this shows the value of conducting this analysis as 
it indicated something unexpected.
7.6.9 Influence of Valley Meanders
Some degree of valley asymmetry may be explained by valley plan form, 
specifically meander location. Although it was attempted to locate transects in sections 
of valleys that were reasonably straight, this was not always possible, given the high 
stream frequency and sinuous nature of the valleys. Hence several transects were 
inadvertently located across valley meanders, for example transects L2, and V2. The 
location of a transect across the meander leads to a steeper slope on the ‘outside’ of the 
meander. This appears to be a product of the meander migrating in this direction, and 
the stream undercutting the valley side, over steepening the slope. For some transects, 
the aspect of steepest slope can be explained by this process.
As noted above, of the 25 transects, for 13 the aspect of steeper slope is east- 
facing. O f 9 transects with steeper west-facing slopes, for several of these, this apparent 
reversal in aspect of steeper slope may be explained by this meander hypothesis, with 
the outside slope of the meander being the steeper west-facing slope. These are: P2, V2, 
L2, and V5. This could also explain the three transects were there is no clear overall 
trend of steeper slope, namely transects; J l, J2, and L5. This however can not explain 
the reversal on the remaining west-facing steeper transects: P4, VI, J5, T2, and T5. It is 
necessary to consider how many of the steeper east-facing slopes are also the product of 
valley meanders. These are; PI, P3, V4, T l,  T4, L3, and L4. Table 7.6.9-A 
summarises all these data. -
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Transect Steeper Slope Meander Controlled
PI East-facing Yes
P2 West-facing Yes
P3 East-facing Yes
P4 West-facing N o
P5 East-facing N o
VI West-facing N o
V2 West-facing Yes
V3 East-facing N 0
V4 East-facing Yes
V5 West-facing N o
Jl Not Clear Yes
J2 Not Clear Yes
J3 East-facing N o
J4 East-facing N o
J5 West-facing N o
T l East-facing Yes
T 2 West-facing N o
T 3 East-facing N o
T 4 East-facing Yes
T 5 West-facing N o
LI East-facing N o
L2 West-facing Yes
L3 East-facing Yes
L4 East-facing Yes
L5 Not Clear Yes
Table 7.6.9-A: Summary of the influence of meanders 
This hypothesis of meander control appears to explain 13 of the 25 transects. 
The asymmetry of these transects therefore is a product of stream migration, and the 
steepening of the slope on the outside of the meander. This means, that for these 
transects, other processes are not particularly important, as slope steepening due to 
meander migration is the dominant process. Hence in further analysis, these 13 meander 
controlled transects will be ignored to allow attention to focus on the remaining 12 
transects which do not appear to be explained by this hypothesis. For these transects, the 
asymmetry is presumed to be a product of different processes operating on different 
slope aspects. O f these 12 transects, 6 have steeper west-facing slopes and 6 have steeper 
east-facing slopes. Therefore it would appear that there is no underlying trend in valley 
asymmetry for these east-west transects.
7.6.10 East-West Transects; Conclusions
Once differences that are the product of meanders are allowed for, it is 
suggested that whilst there is no preferred aspect o f  steeper slope for the east-west 
orientated transects, individual valley cross-sections do display asymmetry. The 
absence of a predominant steeper aspect is possibly as would be expected, under
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periglacial conditions differences in radiation receipts between east- and west-facing
slopes would be slight, and possibly insignificant. Hence without such a large difference
in radiation receipts, necessary to drive the hypotheses discussed in section 7.2 above, it
is unlikely that any single mechanism would emerge to be dominant. So, at this point,
all that can be noted is that whilst the majority of transects display cross-sectional
asymmetry, there is no consistently steeper slope aspect, and therefore it is not possible to
suggest which of the above hypotheses would predominate. Further discussion of these
issues will be given in section 7.7.12 (on north-south asymmetry) and section 7.8
(general conclusions).
With the study of east-west orientated transects revealing no overall preferred 
aspect of steeper slope, it was decided to move onto the study of north-south orientated 
transects. This is discussed in more detail in section 7.7.
7.7 Data Analysis; North-South Transects
7.7.1 Introduction
Five sets of north-south transects were measured, again in the major valleys of 
St. Peter’s to Trinity. In all cases the majority of these transects were across tributary 
streams of the main (highest order) stream in the catchment. These cross-sections are as 
follows:
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7.7.2 St. Peter’s
Note that these graphs of the north-south transects ‘look’ east, showing north on the left 
hand side of the graph
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Figure 7.7.2-A; Transect PFl across St Peter’s 
This transect has a steeper worr/f-facing slope
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Figure 7.7.2-D; Transect PH  ^across St Peter’s 
This transect has a steeper south-hdng  slope
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Figure 7 .7 .2 -B; Transect PHj across St Peter’s 
This transect has a steeper north-izcm^ slope
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Figure 7.7.2-C; Transect PS2 across St Peter’s 
This transect has a steeper north-ïzcmg slope
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Figure 7.7.2-E; Transect PHg across St Peter’s 
This transect has a steeper worf/>-facing slope
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Figure 7.7.3-A; Transect LSi across St Lawrence 
This transect has a steeper south-îzcmg slope
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Figure 7.7.3-D; Transect LH3 across St 
Lawrence
This transect has a steeper south-ïzcmg slope
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Figure 7 .7 .3 -B; Transect LH7 across St 
Lawrence ^
This transect has a steeper south-Î2icm% slope
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Figure 7.7.3-E; Transect LHj across St 
Lawrence
This transect has a steeper worfA-facing slope
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Figure 7.7.3-C; Transect LH2 across St 
Lawrence
This transect has a steeper south-ïzdn^ slope
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7.7.4 St. Tohn
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Figure 7.7.4-A; Transect JS3 across St John
This transect has a steeper North-facing slope.
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Figure
This
7.7.4-D; Transect JTjjZjo across St John 
transect has a steeper North-facing slope.
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Figure 7.7.4-B; Transect JT, j Z, across St John
This transect has a steeper South-facing slope.
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Figure 7.7.4-E; Transect JH,o across St John 
This transect has a steeper South-facing slope.
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Figure 7.7.4-C; Transect JT^Zg across St John
This transect has a steeper South-facing slope.
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Figure 7.7.5-A; Transect VH4 across La Vallée 
de Vaux
This transect displays a steeper North-facing slope
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Figure 7.7.5-D; Transect VS5  across La Vallée de 
Vaux
This transect displays a steeper North-facing slope
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Figure 7.7.5-B; Transect VH,; across La Vallée 
de Vaux
This transect displays a steeper North-facing slope
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Figure 7.7.5-E; Transect VS3  across La Vallée de 
Vaux
This transect displays a steeper south-facing slope
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Figure 7.7.5-C; Transect V H ;,across La Vallée 
de Vaux
This transect displays a steeper North-facing slope
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7.7.6 Trinity
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Figure 7.7.4-A; Transect TS,, across Trinity 
This transect has a steeper worr/t-facing slope
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Figure 7.7.4-B; Transect TS3 across Trinity 
This transect has a steeper 5o«f/t-facing slope
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Figure 7.7.4-D; Transect T H 12 across Trinity 
This transect has a steeper Aorr/t-facing slope
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Figure 7.7.4-C; Transect TS4 across Trinity 
This transect has a steeper North-fzcm^ slope
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Figure 5.9.5.4-E; Transect TS5 across Trinity
This cross-section appears to be symmetrical.
7.7.7 Results
The ‘asymmetry index’ was also used for these north-south transects, with the 
slope gradient being defined as discussed in section 7.4.2 above. This is calculated 
from.
Gradient of North Facing Slope
Asymmetry Index ‘A’ =
Gradient of South Facing Slope
Equation 7.4
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This index was used for all three of the methods of defining slope gradient, and
Catchment Transect
Steeper Slope, 
Main Slope 
Method
Angle in °, and Asymmetry Index A
Mean o f Mode o f  
Segments Segments
Transect 
Orientation /  
Deyrrees
St. Peter’s PF, North-facing, 
27, 1.70
North-facing,
24,1.49
North-facing, 
31, 1.85
357
PH3 North-facing, 
24,1.08
North-facing,
25,1.12
North-facing, 
34,1.36
1
PS2 North-facing, 
27,1.44
North-facing, 
34, 1.44
Too Few Data 337
PH, South-facing, 
28, 0.94
South-facing, 
29,0.93
South-facing,
31,0.94
359
PH , North-facing, 
37,1.25
North-facing, 
33,1.23
South-facing,
31,0.96
349
St. Lawrence LS, South-facing, 
21 , 0.73
South-facing, 
19, 0.96
South-facing, 
18, 0.39
166
LH7 South-facing, 
23, 0.82
South-facing,
20 , 0.95
North-facing,
19,1.10
155
LH2 South-facing, 
19, 0.87
South-facing, 
19, 0.85
North-facing,
14,1.19
182
LH3 South-facing, 
2 2 , 0.85
South-facing, 
23,0.71
Symmetrical, 
19, 1.04
223
LHi South-facing, 
37, 0.87
North-facing, 
41,1.21
North-facing, 
72,3.59
202
Trinity TS„ North-facing, 
22,1.30
North-facing, 
26,1.29
South-facing,
21,0.83
0
TS3 South-facing, 
17, 0.95
South-facing, 
16,0.86
Too Few Data 352
TS4 North-facing, 
20 , 1.66
North-facing, 
20,1.42
Too Few Data 345
T H ,2 North-facing, 
20,1.30
North-facing, 
21,1.29
Too Few Data 2
TS5 Symmetrical, 
37,1.00
Symmetrical, 
30, 0.99
Too Few Data 3
La Vallée de 
Vaux
VH4 North-facing, 
19,1.53
North-facing, 
20,1.40
North-facing,
19,1.12
4
V H ,7 Symmetrical, 
10,1.04
North-facing,
10,1.13
Too Few Data 0
VT., North-facing, 
20,1.65
North-facing, 
34,1.98
South-facing,
21,0.90
26
VS5 North-facing, 
7,1.76
Symmetrical, 
5,1.06
Too Few Data 3
VS3 South-facing, 
9,0.41
South-facing, 
9, 0.44
Too Few Data 350 .
St. John JS3 North-facing, 
25,1.30
North-facing, 
25,1.13
North-facing, 
23,1.23
36
JT w Z , Symmetrical, 
19, 0.97
South-facing, 
20,0.92
Too Few Data 27
J T ,d 4 North-facing,
31,1.05
South-facing,
36,0.91
South-facing,
45, 0.82
334
J Tid Z,o North-facing, 
27,1.59
North-facing, 
24,1.41
Too Few Data 359
JH,o South-facing,
31,0.96
South-facing, 
18,0.90
North-facing,
15,1.19
1
Table 7 .7 .7 -A: Summary o f North-South transect data. The three indices of slope gradient are as
outlined in section 7.4.2 above.
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also allows comparison between methods. The asymmetry index produces a range of
values depending on which slope is steeper. These values are:
Steeper south facing slopes; A < 0.97,
Symmetrical slopes; A 0.98-1.02
Steeper north facing slopes; A > 1.03
To explain these values, clearly an index value o f 1.0 indicates perfect 
symmetry, and a value < 1.0 indicates a steeper south facing slope, > 1.0 a steeper north 
facing slope. However, when these values were calculated for the transects, it became 
apparent that transects with asymmetry indices between 0.98 and 1.02 were actually 
symmetric. This difference to the values used for east-west asymmetry can be 
explained as being a result o f the above index being an extremely sensitive measure of 
cross-sectional symmetry or asymmetry. Those transects with values between 0.98 and
1.02 are symmetrical, showing no statistically significant (at a significance level of p < 
0.05) difference between the two slopes. Cross-sections with index values outside this 
range do show a statistically significant difference and hence maybe described as 
asymmetric.
Table 7.6.7-A summarises the data on the north-south transects. Overall there 
are 14 transects with steeper north-facing slopes, 10 with steeper south facing, and 1 
symmetrical cross-section.
7.7.8 Discussion
The three methods of defining the steeper slope produces several interesting 
results. For the St. Lawrence catchment, the three methods broadly agree, although the 
‘mode of segments’ method produces contradictory results for LHy, LH^ and LH3. 
There is almost complete agreement between the various methods for both St. Peter’s 
and Trinity. An A N O V A  test of this data again shows that there is no statistically 
significant difference in slope steepness defined by the various methods, and aspect, at a 
significance level of p < 0.05. The results of this are shown in Table 7.7.8-A;
Catchment Mean Value o f  
Main Slope
Mean Value o f  Slope 
Segments
Modal Value o f Sbpe 
Segments
Significant
Difference?
f-test probability f-test probability f-test probability
N oSt Lawrence 1.0 0.3499 0.4 0.5619 3.6x10'^ 0.9533
St. Peter’s 2.2 0.1739 2.7 0.1401 1.3 0.3075 N o
Trinity 0.4 0.5701 0.6 0.4704 2 .5x 10 '^  0.9006 N o
Vallée de 
Vaux
0.4 0.5566 0.4 0.5442 N/A Insufficient Data N 0
Table 7.7.8-A: Summary of ANOVA comparisons.
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A simple method was used to determine the aspect of steeper slope; for a given
transect, the aspect which was shown to be steeper by more methods was assumed to be 
the steeper slope. Where all three methods agree there is no problem. However, 
consider transect JHjq, two methods indicate that the steeper slope is south-facing, 
compared to one indicating steeper north-facing. For this example the steeper slope was 
taken to be the south-facing slope. This system can be used to define the aspect of 
steeper slopes for all the transects. There is one potential situation where this method 
would fail. If, for example, one method indicated steeper north-facing slopes, the 
second steeper south-facing slopes, and the third a symmetrical cross-section then this 
method would not work. Thankfully, this situation never arose. However, for several 
transects, something similar d id  occur. For example, transect VSj, where the three 
methods indicate; a steeper north-facing slope, a symmetrical cross section, and finally 
there was too few data to calculate the mode. In this situation, the steeper slope was 
taken to be north-facing, even though only one method out of the three indicated this. 
This gives 14 transects with steeper north-facing slopes, 10 with steeper south facing, and 1 
symmetrical cross-section.
A  further analysis was conducted, again using a Chi-square test to compare the 
number of transects with steeper north- and south-facing slopes and the number with 
steeper south-facing slopes. Again this test showed that there was no statistically 
significant difference between the number of transects with differing aspects o f steeper 
slope, the chi-square value for this is 0.040, and the probability is 0.842 (significance 
level is p < 0.05).
Qualitative analysis of this data does produce some rather interesting results. In 
St. Lawrence the majority of the steeper slopes are south-facing. This could be 
explained by hypotheses 2, 3, 4, or 9. This would also provide convenient support for a 
periglacial origin for the valleys. Conversely, examination of north-south transects in 
the adjacent St. Peter’s valley gives the exact opposite of this trend, with more steeper 
north-facing slopes. This could be explained by hypotheses 7 or 8 above. This trend of 
steeper north-facing slopes appears to be repeated in the Trinity and Vallée de Vaux 
catchments.
Considering the micro-scale of this research, it is difficult to see how such a 
complete reversal in the orientation of steepest slope can occur between St Peter’s and 
St Lawrence, which are only a few km apart. It is tempting to argue that the ‘modal 
value of slope segments’ method shows that four of the St. Lawrence slopes do display
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a steeper north-facing slope, and that this is the dominant trend. However, this would
rnean disregarding the trends shown by the other two methods of classifying slope
steepness.
7.7.9 Transect Orientation
For the east-west transects the index of asymmetry was tested against transect 
orientation in order to determine whether there was any relationship between these 
parameters. Although it was shown (see section 7.6.8 above), that there was no 
relationship of any significance between these for the east-west transects, it was decided 
that it would be wise to repeat this analysis for the north-south transects. With the east- 
west transects, the sine of transect orientation was used, for the north-south transects, the 
cosine of orientation was used. This is more important for the north-south transects, a 
transect orientation of 2° is only four degrees different to a orientation of 358°. Use of 
cosines of orientation removes many of the problems when using transect orientation.
Analysis of cosine transect orientation, and asymmetry index A was then 
possible. This used simple linear regression, and showed that there was no statistically 
significant relationship between the two (significance level is p < 0.05), r^  is 0.012, and 
p is 0.5975. Graphically, this can be shown in Figure 7.7.9-A:
Plot of the asymmetry index against the cosine of aspect
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Figure 7.7.9-A: Plot o f transect orientation index against asymmetry index (also showing regression
relationship) for the north-south transects.
As with the east-west transects a second order polynomial regression was also 
conducted. Again this d id  not produce a great improvement in the strength of the 
relationship, (significance level is p < 0.05), r^  is 0.1, and p is 0.3504. Higher order 
polynomial regression d id  not produce any great improvement in this relationship. 
Again, it seems that there is no firm simp té relationship between transect orientation
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and aspect. From this it is suggested that transect orientation does not influence aspect
of steeper slope.
7.7.10 Valley Meanders
As with the east-west transects it is necessary to consider which transects are 
located across valley meanders, as this may influence the aspect of steeper slope: The 
possible influence of meanders can be summarised in Table 7.7.10-A:
Transect Aspect o f Steeper Slope Located on Meander ?
PF, North Yes
PH3 North N o
PSz North N 0
PH , South Yes
P H North N 0
LS, South Yes
LH7 South N o
L H South N o
LH3 South N o
LH4 North Yes
T S„ North N o
TS3 South Yes
TS4 North N 0
TH ,7 North N 0
TS5 Symmetrical N 0
VH4 North N o
V H ,7 North N 0
VT^ North N 0
VS; North N o
VS3 South N o
JS3 North N o
J T a Z . South N o
JTaZts South N o
J Tjd Z;o North N o
IHm South N o
Table 7.7.10-A: Influence of meanders on the north-south 
transects.
To summarise; of the 25 transects, 14 have steeper north-facing slopes, 10 have 
steeper south-facing slope, and the remaining transect has a symmetrical cross section. 
O f the 14 steeper north-facing slopes, 2 may result from the positioning o f transects 
across meanders. O f the 10 steeper south-facing slopes, 3 are the product o f meander 
erosion. So, discounting these transects that are located across meanders and the 
symmetrical cross-section, this leaves 19 transects to consider; 12 have steeper north- 
facing slopes, and 7  have steeper south-facing slopes. Although this difference is slight, this 
does indicate that there are slightly more transects with steeper north-facing slopes than 
south facing. However, this difference is not statistically significant, a chi-squared
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comparison between the number of transects with steeper north-facing slopes and the
number with steeper south-facing slopes, gives a chi-squared value of 0.474, and a
probability of 0.491 (significance level is p < 0.05).
7.7.11 Note on Field Checking
The east-west transects were field checked before the data set on north-south 
transects was fully complete. A t this stage, with data collected on St. Peter’s and St 
Lawrence, it was decided not to field check these transects. This was justifiable because 
of the high degree of agreement between the different methods of defining the aspect of 
steepest slope on the north-south transects, and the total agreement between the field 
and morphometric data for the east-west transects.
7.7.12 North-South Transects. Conclusions
Collectively the three methods of identifying the steeper slope indicate that all 
but one of the valley cross-sections are asymmetric, and this asymmetry is statistically 
significant (at a significance level of p < 0.05). There are slightly more cross-sections 
with steeper north-facing slopes than steeper south-facing slopes. This may be taken as 
supporting evidence of a periglacial origin for the Jersey misfit valleys.
When this study was begun it was thought that it would reveal that one slope 
aspect would be consistently steeper. This would result from a single dominant 
mechanism of those outlined in section 7.2. However, the more detailed analysis has 
revealed that there appears to be no particularly consistent trend to the aspect of steeper 
slope. This points to the complexity of the slope system. This apparent absence of a 
clear trend can be explained in several ways.
Firstly, that there is no overall trend in asymmetry in Jersey. Secondly, that 
given the nature of the data sources, the manner of data collection and analysis, the 
presence of asymmetry can not be conclusively demonstrated. This is despite the 
observed statistically significant (at a significance level of p < 0.05) difference in slope 
gradients. Hence, asymmetry exists on a scale of individual cross-sections, although it 
is not possible to demonstrate that a single aspect is consistently steeper. However, this 
contradicts the asymmetric cross-sections, and it is desirable to explain the reason 
behind this asymmetry, which this section will attempt to do.
It is possible that the asymmetry is not the result of any of the processes 
outlined above, and that different, as yet unknown processes cause the asymmetry. For 
example, geological structure could lead to the local variations in aspect of steeper
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slope. However, this is unlikely given the highly folded nature o f the Jersey Shale (St
Peter’s Valley St Lawrence and St. John) and the absence of bedding planes in the
andésites and rhyolites (Trinity and La Vallée de Vaux). Alternatively, valley
formation may not necessarily have occurred under periglacial climates, negating these
hypotheses. Another explanation is that the cross-sections are not really asymmetric.
Most of the examples of asymmetric valleys in the literature suggest clear and
statistically significant differences in slope gradients. This does not occur in Jersey,
where differences in slope gradients are very slight.
Similar problems were encountered by Meiklejohn (1992), for asymmetric 
valleys in the high Drakensberg region of southem Africa. Meiklejohn suggests that 
these are relic periglacial features and are ultimately the product of differences in 
radiation receipts between slopes. However, Meiklejohn is not able to determine 
whether a single mechanism or geomorphic process leads to this asymmetry.
However, it does appear that the Jersey valleys are asymmetric, in that one slope 
is significantly steeper than the other. Unfortunately, there does not appear to be a clear 
trend with one slope aspect being consistently steeper. This complicates explanation. 
As noted above, when this study began, it was hoped that it would reveal one particular 
aspect to be consistently steeper, and that this could be explained by a single 
hypothesis. However, this is clearly not the case. An alternative explanation is that 
differing processes operated in different valleys. To clarify this, a single, global trend 
of steeper aspect need not be valid, there is no single hypothesis that controls slope 
steepness in all catchments. Rather, it is possible that one hypothesis could control 
aspect of steeper slope in one valley, whilst in another valley, only a few hundred metres 
away, a different hypothesis could function. The change in aspect of steeper slope can be 
explained as being due to local differences in climate, geology, soils, fluvial activity, 
and existing valley form.
To provide examples of how this could occur, in one valley, there is greater 
insolation on the south-facing slope, this leads to an earlier and more complete active 
layer thaw on this slope (hypothesis 2). This means that the partially thawed south- 
facing slope is less resistant to erosion by the stream at the slope foot. The stream then 
preferentially erodes toward this slope, oversteepening it. However, in an adjacent 
valley, the reduced insolation on the north-facing slope reduces snow melt on this slope, 
insulating this slope. There is less activity on the north-facing slope (this is similar to 
hypothesis 8). The north-facing slope retail^ its initial steepness, whilst greater slope
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activity on the south-facing leads to a reduction in the gradient of this slope.
Clearly the difficulty with such multiple hypotheses is discovering which 
hypothesis operates where and when. The explanation of why any particular mechanism 
occurs where it does is a complex issue. However, it is likely that this depends on local 
factors such as slope aspect, existing gradient, wind direction, amount of snow fall, 
degree of melting, speed of melting, and the properties of the soil below the snow 
pack. Take, for example, a slope that receives a particularly large amount of snow, 
possibly as a result of being in a lee position. Then the large amount of snow may 
produce more of a protective, insulation effect (mechanisms 7 and 8) reducing the 
amount of slope activity. Conversely, i f  snow cover is shallow, then this might melt 
earlier in the summer, producing more slope activity (mechanisms 2, 3 and 4).
In conclusion, almost all of the north-south valley cross-sections are 
asymmetric. However, there does not appear to be a dominant aspect of steeper slope. 
Rather, it is suggested that the aspect of steeper slope might be dependent on local 
factors, such as existing slope gradient, aspect, amount of snow cover, and the 
combination of these processes to give the aspect of steeper slope. It is repeated that the 
valley cross-sections are asymmetric, and that this is probably a result of processes 
operating under periglacial conditions. However, it is unfortunately not possible to 
determine which single mechanism leads to a particular trend in aspect of steeper slope.
7.8 Digital Topographic Research
7.8.1 Introduction
This study of valley asymmetry has, thus far, been limited to a transect based 
approach. Alternatives are available, however these are impractical using paper based 
data. For example, a valley could be divided into two halves, east and west facing 
slopes, as defined by the central stream. Comparison between slopes, that is the 
gradient of all east- versus west-facing slopes, would then be possible. Unfortunately, 
this kind of approach becomes impractical when working from paper maps. However, 
with digital topographical data, and appropriate analytical software, this is possible. 
Hence, it was decided to develop a Digital Elevation Model (DEM) of one of the 
Jersey catchments, and investigate whether this revealed any trends in asymmetry.
7.8.2 Data Acquisition.
It was decided to focus initially on a small region of Jersey, then, if this proved 
successful, this approach could be extended to a wider area. The region chosen for this
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initial study was the St. Peter’s catchment. St. Peter’s was chosen as the transect studies
have suggested that asymmetry is present in this valley. Furthermore, St. Peter’s is a
large, high order catchment, and is a rather diverse area, containing a variety of
different slope forms. Finally, St. Peter’s is a smaller area than Trinity, and therefore
should (theoretically) be quicker to digitise. The DEM of the St. Peter’s basin was
constructed from existing topographic data; it is not necessary to completely re-survey
the region.
It was decided that direct digitisation of map contours would be impractical. 
As noted elsewhere, the Jersey contours are very difficult to detect directly from a 
topographic map. Following a single contour during digitisation would also be 
extremely difficult. Because of these factors, it was decided to take a tracing of the 
contours within the basin, and then digitise from that tracing. The tracing was taken 
from the 1:25,000 coloured map rather than the 1:10,000 dye-lines. Again this is 
because the contours on the 1:25,000 are much easier to detect. During the transect 
studies, it became apparent that finding contours on a transect was difficult, so tracing a 
whole contour through the catchment would have been extremely problematic. 
Furthermore, on the 1:10,000 maps, St. Peter’s extends across two map sheets, 
matching features between these sheets would have raised major problems.
Tracing began with the major contours, with each one being followed through 
the basin. Because of the constraints of the method of digitisation, it was necessary to 
digitise a square or rectangular region. The shape of the St. Peter’s basin is rather 
irregular, and is far from square. Therefore, it was necessary to trace, and later digitise, 
some of the surrounding region in addition to the St. Peter’s basin. This allowed only 
the basin to be used in analysis, and the surrounding region removed. After the major 
contours were traced, the minor contours were added. It was not possible to trace all of 
the minor contours, without losing all clarity. This is a result o f process of tracing, 
whilst the contours shown on the OS maps are extremely thin, the pens used to trace are 
not, with nibs of thickness 0.25 mm. Although this appears to be narrow, when two 
contours on the map are placed so close together that they almost overlap, on a tracing 
they will touch. If a third contour is similarly close, then adding this to a tracing will 
cause the line to appear to cross. This results in a single thick black line on the tracing, 
which would have created problems later during digitisation, where exactly was the 
contour being digitised?
Because of the confusion generated by so many closely spaced contours on the
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tracing, it was necessary to trace only selected contours. This was unfortunate, as it
means potentially important topographic data are lost. Given that the transect study
showed that the asymmetry between different slopes is extremely slight, the absence of
any contours could mean that trends of asymmetry present in St. Peter’s might be lost.
Whilst this is unfortunate, it is unavoidable. The contours digitised were; 40, 60, 100,
140, 180, 200, 220, 240, 280, 300, 320, 340, and 360 feet (the 1:25,000 map uses a 20
foot contour interval). An alternative at this stage would be to photo enlarge the maps,
so that tracing o f all the contours would be possible. This was not conducted as an
enlargement would also have enlarged all the additional map information. This would
not have clarified contour location, it would have simply given a larger area to work
with. Hence it was decided to trace contours only as a means of ‘cleaning’ the map, and
then photo enlarge the tracing later.
In addition to the contours, it is necessary to digitise the location of four 
‘control points’. Major grid-references were used, essentially at the corners of the region 
studied. These are: 590550, 630550, 630500, and 590500. Finally, before digitisation, 
the tracing was photo enlarged, up to an approximate ‘A3’ size. N ote that further 
enlargement was constrained by the size of the digitising tablet used. Digitisation was 
conducted at the Kingston [upon Thames] College of Higher Education, using the 
facilities of the Department of Environmental Studies, CIS section. This work greatly 
benefited from the assistance and knowledge of Dr Alan Wood, to whom many thanks 
are extended. Digitisation was performed using ADS within PC Arc-Info.
Following digitisation it was necessary to ‘clean’ the data to remove the 
inevitable errors and mistakes. With this complete, the data were then exported from 
Arc-Info into the Idrisi CIS package. Within Idrisi, the data were converted from the 
existing vector format into a raster form, from this it was possible to develop a DEM. 
During attempts to do this, it became apparent that there were several errors within the 
data. These were resolved so that analysis could be continued. From the raster version 
of the contours it was possible to develop a DEM using the ‘IN TERCO M ’ command 
within Idrisi. INTERCOM interpolates a surface from the contours in the raster image 
to produce a DEM. This is essentially a topographic surface upon which analysis can be 
conducted. The DEM is composed of a series of cells, the image measures 400 cells (x- 
axis) by 500 cells (y-axis), this equals an area of about 4 km east-west by 5 km north- 
south, so each cell has an area of 10m\ This produces a DEM containing 225,000 cells.
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7.8.3 Analysis
With a DEM developed, it is then possible to analyse slope gradients within the 
St. Peter’s basin. The efforts of Dr Ian Evans and co-workers. Department of 
Geography, University of Durham must be thanked for invaluable advice and assistance 
in conducting this research. To conduct this analysis, data on cell gradient and aspect 
were generated using Idrisi’s SURFACE command. When these data were generated, 
it is possible to compare the gradients of north and south facing slopes as well as those 
that are east and west facing. This required one further stage, using the EXTRACT 
command to develop two ‘treatments,’ for north facing (271-90°) and south facing (91- 
270°) cells. (An identical procedure was used for east and west facing slopes.) From 
this it was possible to calculate mean slope gradient for all north facing and all south 
facing cells. A Mann-Whimey U test was then conducted on these data, to determine 
whether any differences were statistically significant (at a significance level of p < 
0.05). The results of the analysis conducted for north-facing versus south-facing aspects 
are shown in Table 7.8.3-A:
North-Facinz South-Facing p Significant?
Gradient / ° 66.36 (23.64) 84.78 (5.22) 0.3173 N 0
Table 7.8.3-A: Mean Gradient of Nortb and Soutb Facing Slopes 
Note in this table the^first figure for gradient is based on the system that 
assumes that 0° is a vertical surface, the figure in parentheses assumes that 0° is a flat 
surface. It can be seen from this that although the two aspects do produce different 
values of mean slope gradient, there is not a statistically significant difference (at a 
significance level of p < 0.05) between these values. For east and west facing slopes:
Aspect West-Facing East-Facing p Significant?
Gradient / ° 84.79 (5 .21 ) 68.81 (21.19) 0.3173 N o
Table 7.8.3-B: Mean Gradient of East and West Facing Slopes 
Again this shows that there is no significant difference between the two aspects. 
So, from this it can be sugg;ested that when the whole region is studied, whilst different 
slope aspects do produce different slope gradients, these differences are not 
statistically significant. This is not too dissimilar to the transect study, where opposite 
sides of the same valley produced differences in slope gradients however these 
differences were not statistically significant.
Alternatively, if  there is no significant difference in slope gradient with 
differing aspects is there any kind of relationship between gradient and aspect? It is 
possible to perform a regression to relate cell aspect to cell gradient within Idrisi.
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This is conducted using the REGRESS command on the two data sets (actually these
are treated as images within Idrisi). This produces the following relationship:
y = 56.02 + 0.13x
Here y is cell gradient in degrees (remember a horizontal cell has a gradient of 
90°), and x is cell aspect. This relationship produces an d  value of 0.248, which is 
statistically significant (at a significance level of p < 0.05). These data can be shown 
graphically in Figure 7.8.3-A. So, whilst these data appear extremely noisy, there is a 
definite relationship between cell aspect and cell gradient. This suggests that cells in 
the Northeast-facing quadrant (i.e. 0-90°) would have a steeper gradient than cells that 
are Northwest-facing quadrant, and that there is a steady decline in slope gradient as 
aspect increases. As this relationship appears to indicate that the highest and lowest
Y = 56.016521 + 0.126543 X 0.4977
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Figure 7.8.3-A Plot of cell aspect against gradient for the St. Peter’s DEM. 
slope gradients occur for generally ‘north-facing’ cells (aspect 0° ± 90°) hence it would 
appear that east-west facing asymmetry is more important than north-south. This would 
appear to contradict section 7.6.10 that there was no dominant steeper aspect between 
east and west-facing slopes.
To clarify this further it was decided to further investigate regression 
relationships between cell aspect and gradient. This required that the data on cell 
aspect and gradient be exported from Idrisi and into a statistical package, SPSS. 
Using SPSS it was possible to conduct further and more detailed investigations. 
Firstly when investigating north-south facing differences, using aspect measured in 
degrees creates problems, as noted in section 7.7.9, so the cosine of aspect was used. 
Hence a north facing cell, with an aspect of_0° has a cosine of +1.0, a south facing cell
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has a cosine o f -1.0. Conducting a regression relationship between cosine of aspect and
cell gradient produces the following relationship:
Cell Gradient = 0.95 x  (cosine Aspect) - 0.68
Equation 7.5
Where both aspect and gradient are in radians. Note that this relationship is 
statistically significant (at a significance level of p < 0.05). This equation can be 
plotted against cell aspect so that the nature of the relationship can be visualised (Figure
7.8.3-B), note that in this plot both aspect and gradient are converted back into degrees 
and in order to clarify the plot, only the line of the regression equation is shown, not all 
the data.
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Figure 7.8.3-B: Cell gradient regression relationship for North and South facing slopes 
This plot produces the slightly disconcerting situation of slopes with negative 
gradients. This is not the contradiction it might appear to be. Remember that Idrisi 
codes vertical surfaces as 0°, therefore a slope of + 10° is a very steep slope, one that is 
10° ‘clockwise’ from vertical. A slope of -10° is also rather steep, being 10° ‘anti­
clockwise’ from vertical, this slope could also be described as having a gradient of 
+ 170° ‘clockwise’, however under this regression relationship it appears to be a negative 
gradient. Note that in Figure 7.8.3-B, cell gradients ‘closer’ to zero are steeper. The 
minimum slope value produced by this relationship is -92.99° for an aspect of 180° 
(south facing). This value is actually -90°, however, the very slight imprecision of the 
regression relationship, creates an error of some 0.03%, hence the over estimate of cell 
gradient. A gradient o f -90° is of course, a flat surface. The maximum cell gradient is
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around 15° for cells with an aspect of 0° (north facing). This confirms the Mann-
Whitney U-test above, that north facing cells are steeper than south facing cells, and
Equation 7.5 indicates the relationship between cell aspect and gradient in terms of
north-versus south facing cells.
I t is possible to conduct an identical analysis for east versus west facing cells.
Here the sine of cell aspect was used, giving east facing cells (90°) a sine of 1.0, and
west facing cells -1.0. Again a regression was conducted, producing Figure 7.8.3-C and
Equation 7.6:
Cell Gradient =-3.63 x (sine Aspect) +0.32
Equation 7.6
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Figure 7.8.3-C: Cell gradient regression relationship for East and West facing slopes
Again, this relationship is statistically significant (at a significance level of p < 
0.05), with an F-test value of 3253.67 and a probability of 0.000. This relationship can 
also be plotted to allow visualisation, as shown in Figure 7.8.3-C (again for clarity, 
only the line of best fit is shown, not any data). Once more this relationship appears to 
produce cells with a negative gradient, although not to the same degree as the north- 
south relationship. Again these negative gradients relate to slope gradients ‘anti­
clockwise’ of 0°. This relationship indicates that the steepest slopes are those which 
face westward, whilst the shallowest face eastward, confirming the (non-significant) 
differences shown in Table 7.8.3-B, however, rather than simple differences. Figure
7.8.3-C indicates a continuum of changing slope gradient with aspect.
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7.8.4 Conclusion
This section of research has investigated the application of digital research 
methodologies to valley asymmetry. This approach allowed research to be extended 
from a transect approach to cover the whole catchment, and demonstrated aspects of the 
data that could not have been addressed using for ‘traditional’ approaches. This alone 
make this a very valuable area of research. This research has confirmed that north-facing 
slopes are slightly steeper than south-facing, and that east-facing slopes are slightly 
steeper than west-facing. However, neither of these differences are statistically 
significant (significance level is p < 0.05). This is broadly in agreement with the 
transect based study.
More importantly than the differences in slope gradients, this investigation has 
shown, for St. Peter’s at least, there are two statistically significant (significance level 
is p < 0.05) relationships between slope aspect and slope gradient, for east versus west 
facing slopes and for north versus south facing slopes. Adding these trends together, it 
would appear that the steepest slopes face Northeast. This would be the direction that 
would receive least insolation and under a periglacial climate it can be suggested that 
this aspect would be subject to least slope activity. Given valley down cutting, slope 
activity would reduce the gradient of the valley side slopes, if  slope activity exceeds 
the rate of down cutting, then the slope gradient will decrease. In the case of north- and 
east-facing slopes, these would receive less insolation, and the gradient o f these slopes 
would increase relative to other aspects. More details on this are discussed in section
7.9 below. These relationships could not have been developed without the use of a GIS. 
However, these relationships do differ from the more traditional ideas o f valley 
asymmetry which compare the gradient of the two valley sides. Instead this indicates a 
continuum of change in slope gradient with aspect, a change that is statistically 
significant.
7.9 Asymmetrjq Conclusions
7.9.1 Introduction and Review
The slope system is clearly very complex. By collecting data on a series of 
valley cross-section transects, and developing three methods of defining slope gradient, 
it was possible to classify whether slopes are asymmetric, and which slope aspect was 
steeper. There is a fair degree o f agreement among the three methods o f classifying 
steeper slope. Analysis o f valley asymmetry on east-west transects reveals that, whilst
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the majority of transects are asymmetric, there is no overall trend in aspect of steeper
slope. When the influence of valley meanders is accounted for, there are equal numbers
of transects with steeper east and west facing slopes.
For the north-south transects almost all of the transects are asymmetric. 
Substantially more cross-sections show a steeper north-facing slope than south-facing. 
Twelve cross-sections have steeper north-facing slopes, compared with seven with 
steeper south-facing slopes. I t may be concluded that, whilst the cross-sections are 
asymmetric, there does not appear to be a single mechanism that controls aspect of 
steeper slope. This is really to be expected, reflecting the large number of factors that 
influence slope gradient and how this varies with aspect. Flence it is not possible to 
determine, with confidence, which single mechanism leads to one valley side being 
steeper. Valley asymmetry can be interpreted as indicating valley formation under 
periglacial conditions, and this is supported by the periglacial origin of the head found 
in the valleys.
These conclusions were confirmed by the investigation of a Digital Elevation 
Model (DEM) of the St. Peter’s basin using a GIS. This showed that north-facing 
slopes are generally steeper than south-facing and that east-facing slopes are steeper than 
west-facing. This broadly confirms the trends shown by the transect study. O f course 
none of these differences are statistically significant (at a significance level of p < 0.05). 
The GIS research indicates that whilst there are no statistically significant differences 
between different valley sides, there is a relationship between slope aspect and gradient. 
This would suggest that changes in slope gradient with aspect are of a constantly 
changing continuum form rather than a situation of abrupt sudden ‘step like’ changes. 
This will be investigated in further depth below.
In summary, the majority of valley cross-sections are asymmetric. The steepest 
slopes face north and east. This can be interpreted as being a result o f valley formation 
under periglacial conditions, as under such conditions such aspects would receive less 
insolation, and so would undergo less thermal related slope activity. This is identical 
to hypothesis 10 (Wright, 1961) above. However, with the existing data, it is not 
possible to determine with absolute certainty which particular hypothesis (or collection 
of interacting hypotheses) best help to explain the cause/s of the aspect o f steeper slope. 
Rather than suggesting a single mechanism which leads to one slope being constantly 
steeper, it appears that aspect of steeper slope is a product of a complex series of 
interacting processes. I t  is the intention of this section to investigate this situation, to
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attempt to explain how it is possible for individual valley cross-sections to be
asymmetric, but for there to be no single aspect that is consistently steeper across
Jersey. An illustration of how this might operate is given in Figure 7.2.18-A above
(based on Meiklejohn, 1994). This begins to display the complexity o f the formation
of asymmetric valleys. I t  shows how one process leads to another, and how together
they may lead to a particular slope aspect being steeper. However, this model was
developed for periglacial modification of glacially eroded valleys, and is not really
directly applicable to Jersey. Hence it was decided to collate the existing hypotheses
on cross-sectional asymmetry and to attempt to develop a model specifically for
Jersey, as shown in Figure 7.9.2-D.
This model attempts to display some of the complexities and interrelations 
between the various influences on slope aspect. I t is suggested that this model shows 
how the asymmetric slopes evolve, and how the same form may result from similar 
processes, but where the underlying causes are much different. This model shows, 
visually, the proposed controls and influences on valley asymmetry, and how these can 
interact. It sets out a framework of how valley asymmetry might evolve and how it is 
possible for adjacent valleys to show different overall trends in asymmetry, an issue 
that should be resolved. Clearly more research is necessary to quantify how such 
processes actually function. Further details of how valley formation occurred is the 
subject of the next chapter. Chapter 8, Hypothesis Testing. Note that this model shows 
schematically the links between the various processes. However, it does not describe the 
exact nature of these links. With time these could be quantified by detailed research.
7.9.2 An Alternative Perspective?
Thus far, this analysis has proceeded along fairly deterministic lines, that 
processes A, B and C lead to an asymmetric valley cross profile Z. That a series of 
intermediary processes (D, E, F and so on) and valley forms (W, X, Y, and so on) may 
have occurred is shown in Figure 7.9.2-D. This attempts to set out all the possible 
explanations of valley cross-section asymmetry in one place, by collating the 
mechanisms suggested in the literature and drawing the links between these 
explanations. However, there are alternatives to this deterministic type of analysis, and 
this section shall examine some of these in order to throw further light on the issue of 
whether there a single mechanism causing asymmetry and why there is no single aspect 
of steeper slope across Jersey. This section will use such alternative types of 
methodology to demonstrate that a variety'of explanations of valley asymmetry exist.
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GEOLOGY
Does lithology 
display pronounced 
bedding?
in per­is temperature 
low enough to 
give permafrost?
No
Sufficient to
insulation?
Asymmetry in 
thaw depth ?
Is structure 
horizontal?
No Yes
Any
Structure 
unlikely to 
be cause of 
asymmetry
Tilted bedding 
could give 
asymmetry
prc
Are the effects of
important ?
Shallower 
slope 
corresponds 
to "dip slope"
Does valley 
mark junction 
of "hard" and 
"soil" rocks?
Yes Yes No
^This
melt
erosion of 
"softer* rocksThis slope presents less 
resistance to 
lateral erosion
Reduction of 
slope gradient 
on this geology
Pole-facing slope 
more resistant to 
lateral stream 
migration
Permafrost 
melt delayed 
until later in 
the summerby stream at 
base of slope
Time available fbr^pro^ e^sPole facing 
slope retains 
existing 
gradient
Slope
steepens likelihood of change
Asymmetry not 
present or due 
toottier 
processes 
beyond the
Asymmetry 
present but 
can not be 
classified as 
pole or 
equator-TOdng
Asymmetry 
not present 
or due toInkal cross section remains
No Change
Figure 7.9.2-D: A model to describe the evolution of asymmetric valleys
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These range from the deterministic, such as that used above, to the purely random. This
discussion will begin with the hypothesis that the aspect of steeper slope is purely a 
random process.
7.9.^ Random Behaviour
The first such explanation is that aspect of steeper valley slope is a result of 
purely random processes. This means that differences in processes between slopes 
(insolation receipts, amoimt of fluvial activity, whatever) are essentially irrelevant, as 
these do not effect aspect of steeper slope. Rather, the aspect of steeper slope is purely 
due to chance. Literally, the analogy here is with the throwing of a coin. Just as there is a 
50:50 probability of the coin landing on ‘heads’, so there is a 50:50 chance of one aspect 
having a steeper slope than the other. (Actually, this is a simplification, as there is a 
third position for a coin to land; on its edge. Such a situation is analogous to a 
symmetrical cross-section, but this possibility will be ignored for the present). This 
would mean that across Jersey there would be no single aspect of steeper slope, each 
cross-section might be asymmetric but in each location this would be the product of 
chance. This would go some way to explaining the observations on Jersey.
There are two possible justifications to this random hypothesis. The first is that 
it is possible that the aspect of steeper slope to be a result of the operation of 
completely random processes. This means that God (or whatever) really does play 
dice, and the aspect of steeper slope is purely due to chance, and that there are no 
physical controls that would modify this 50:50 probability. In this situation it  is 
impossible to predict the aspect of steeper slope for a given situation. Environmental 
processes in this situation are irrelevant, as these can not influence the aspect of steeper 
slope, as the aspect of steeper slope is a random process. The second explanation is that 
the slope system is simply too complex to allow a deterministic analysis. One could 
attempt to measure everything, however this would still not provide a perfect 
explanation, because a perfect explanation is impossible. Whilst there is an explanation, 
it is beyond the current abilities of science, and hence the slope system appears to 
behave in a random manner. Strictly speaking, the behaviour is not random, it just 
appears to be that way because it is impossible to fully explain everything in sufficient 
detail.
7.9.4 Chaotic Systems
Retreating briefly from the random explanations, another method of explaining
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the aspect of steeper slope is in terms of chaotic systems. Chaos in geomorphology
really is not new, see section 3.2.6 above, and reviews such as that of Malanson et at
(1990 and 1992) and Phillips (1993). But as a set of methodologies it still has not
really gained the widespread acceptance it deserves and, indeed, demands.
As an example of the complexities of the slope system, take the situation of an 
east-west orientated valley, in a periglacial environment. There is a slight (but 
significant) difference in insolation receipts between north- and south-facing slopes. 
Conventional wisdom would state that this leads to an increase in the amount of snow 
melt on the south-facing slope. However, is this the case? What is equally important is 
the depth and width of the valley under consideration. In an exceptionally deep, and 
narrow valley direct sunlight may not reach the valley bottom. Hence the lower sections 
of the valley side slope, regardless of aspect, could be in permanent shadow, and may 
not receive direct sunlight.
Here are two possible extremes, an exposed slope and a shadowed slope. The 
former has earlier and more rapid snow melt than the latter. N ot only is definition of 
these extreme slope forms tricky, but definition of the end of one approach and the start 
of the other is well-nigh impossible. To move on from the idea of two separate slopes, 
one exposed and one shadowed, now consider the Jersey valleys. In their lower reaches, 
these are very deep considering their width. In the headwaters, the same valleys broaden 
and become shallower. So the tricky issue of the boundary of exposed and shadowed 
valleys, becomes a three dimensional spatial issue. Presumably, in the headwaters, the 
valley sides are exposed, but in the lower reaches they are shadowed. Where does one 
stop and the other begin? This is a question without an easy answer. However in this 
case, this is especially true, in this case there may not be an exact answer. I t is 
conceivable (and indeed very likely) that the boundary between the two is fractal. 
Again, this begins to throw light on a situation where each location could have a single 
aspect of steeper slope, however it is not possible to determine whether a single aspect 
is consistently steeper across a wider region. Again this is a situation that would apply 
to Jersey.
Now to introduce another issue. In the headwaters the valleys have shallow 
sides, whilst in the lower reaches, side slopes are much steeper. How does this affect 
slope processes? One would expect that on a shallow slope there would be less mass 
movements (sediments would be closer to their angle of rest, and would require more 
energy to move), and less chance of fluvial erosion (shallower slopes give lower stream
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powers). So generally, a shallow slope will stay shallow, and a steep slope will, within
reason, become steeper. Again, where is the boundary between ‘shallow’ and ‘steep’? Is
this also a fractal boundary? What other processes affect this? A dd these problems
together, o f shadows, and slope gradients, and suddenly there are more than two
unsolved questions. There is a whole multitude of interrelated factors, and a problem
that it extremely difficult to solve.
A ll this has assumed a fairly stable situation of on-going slope activity. To 
place this within the context of the rest of this thesis. How does the down cutting of the 
stream effect valley side slopes? The simple answer to this is that it makes an already 
complex system...even more complex. However, this is a question that should be 
answered. To further confuse matters, rates of down cutting are certainly not constant. 
As has been stated above, the lower reaches of the valleys tend to be much deeper than 
the headwaters. This can be interpreted as an indication of greater rates of down cutting 
here. Clearly, stream discharge should increase down basin, so it would be expected 
that the amount of erosion will also generally increase. (Note the word generally here, 
discharge may not be the most important factor determining amounts of erosion. What 
will be more important are stream power, near-bed shear stresses, and sediment load. 
However, given that it is not viable to calculate these, discharge may substitute, and the 
assumption is made that the greater the discharge, the"greater the amount of erosion.)
Hence in the lower reaches of the basin, it might be expected that streams will 
erode more, increasing valley side slope gradients. This would be expected to increase 
the amount of activity on these slopes. Therefore, might it be possible that the suite of 
processes leading to asymmetry is irrelevant when compared to the amount of down 
cutting? The slight differences in radiation receipts leading to slight differences in 
slope angles may occur, given a stable local base level, that is a stream that is not down 
cutting. However, where a stream is down cutting, and doing so rapidly, could this 
render the slope processes caused by differing radiation receipts irrelevant? Ultimately 
this means that all the links between form and process in the model shown in Figure 
7.9.2-D above could be nonlinear. This means that whilst the model as a whole is valid, 
quantitative prediction would be impossible without detailed data on the interactions 
of forms and processes.
This is all supposition and, ultimately, guess work, albeit guess work aimed at 
displaying the complexities of the slope system. To return to the theme of this section: 
It is possible that classical asymmetric slopes, of the kind described by Russel (1931),
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Oilier and Thomasson (1957), Hadley (1961), and the classical regional patterns with
one slope aspect consistently steeper, do exist. It is equally possible, that there is no
real control on the aspect of steeper slope and that there is no regional trend of steeper
slope aspect. That given the number of interacting factors, the situation is so complex as
to be essentially unpredictable. This would be a situation very similar to Jersey, where
there is location asymmetry, but no easily discernible overall trend. To take this the
next step further, the process could be totally random. In considering slope asymmetry,
two extreme approaches become possible. A t one extreme is the deterministic system
that this chapter attempted to find, at the other is the random situation, where there are
no discernible controls..What is between these two? This section has investigated this
region, this is a highly complex/chaotic situation, consisting of no simple black and
white answers, but a series of shades of grey.
To return to Kennedy (1976) this refers to a situation where cold, continental 
periglacial climates result in steeper north- or east-facing slope, whilst warmer marine 
periglacial climates give steeper south- or west-facing slopes. Support for this is given 
by Czudek (1993) in western Czechoslovakia. Kennedy and Melton (1972) describe a 
similar situation, in the region around the Mackenzie River Delta. Here areas of “more 
severe climate and low available relief’, produce steeper north-facing slopes, whilst in 
the zone of “milder climates and deeper valleys”, south facing slopes are steeper. 
Furthermore, valleys directly under the control of fluvial erosion, are less sensitive to 
differences due solely to aspect. Kennedy and Melton stress that no single process can 
be stated to have absolute control over the aspect. Rather one has to consider both 
geomorphology and micro-climate.
So these examples point to two extremes, where is the cross-over between the 
two? The same applies to the deterministic-random continuum. There are two 
extremes and a complex region between the two. Is it possible that Jersey falls within 
this complex area? As with Kennedy (1976), is it possible that Jersey Devensian 
palaeoclimate falls between the extremes of cold-continental and warmer-maritime? I f  
this is the case then it is feasible that the overall trend for asymmetry falls between the 
two extremes, that is that there is no single overall trend. So this would imply that yes, 
in certain circumstances it is possible for a deterministic explanation of slope 
asymmetry to hold. However, it is equally possible for a completely random system 
to function. Finally, there is a large area of theory between these two extremes, and this 
is possibly the region occupied by Jersey.
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This behaviour can be explained in terms of a bifurcation diagram. The
bifurcation diagram originated from a model simulating population growth (y-axis) 
through time (x-axis). This model showed that under certain circumstances a 
population need not stabilise on a single given value, rather it could alternate between 
several values. This was first demonstrated using the Fiegenbaum numbers' (Gleick, 
1987, pp 166). As applied to the asymmetry of slopes on Jersey, the x-axis might be an 
index of climate , say mean annual temperature, and the y-axis might indicate, for 
example, an ‘index of erosion resistance’ of the underlying geology to the stream. If  
data on climate and erosion resistance are plotted this might produce the diagram 
shown in Figure 7.9.4-A, where the lines indicate different explanations of valley 
asymmetry.
Deterministic Region Chaotic Region Random Region
4th Period 
Doubling
3rd Period 
Doubling
1 St Period 
Doubling
2nd Period 
Doubling
'C lim atic  In d ex '
Figure 7.9.4-A; Bifurcation diagram used to explain valley asymmetry.
Initial results (with low values of the climatic index) show a deterministic
system, with symmetrical cross-sections. As the value of the climatic index’ increases,
asymmetric valleys appear. On the plot this is apparent as a bifurcation, marking the
transition from this single state for valley cross-sections, to a situation where there are
two such states; i.e. where north or south facing slopes are steeper. This results because of
very slight differences in the erosion resistance of the underlying geology. For a given
climate only a slight difference in geology is necessary to give different aspects of
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Steeper slope. These two states could each be explained by one of the above hypotheses
(section 7.2), so two lines on the graph indicates two explanations. In terms of theory,
this is a period doubling, marking the transition to asymmetric valleys, and marks the
move to chaotic systems.
After a further increase in the climatic index a second period doubling occurs. 
Rather than being two possible alternative states for aspect of steeper slope, third and 
fourth states appear. This means that four hypotheses operate, two that explain steeper 
north-facing slopes, and two for steeper south-facing slopes. Again, this is due to a 
slight difference in the erosion resistance. After a third period doubling there are eight 
possible states, and eight valid explanations. After a fourth period doubling, something 
very interesting happens. The simple order of period-doubling disappears, together 
with the fairly simple types of explanation. Effectively there are an infinite number of 
degrees of asymmetry, and prediction is impossible, and the behaviour is random.
It becomes apparent that Figure 7.9.4-A has three main regions: a deterministic 
one, a chaotic one, and a random one. In the deterministic region, the single line 
indicates symmetry. The boundary between the deterministic and chaotic zones is 
marked by a period doubling. Here there are two possible types of asymmetry, steeper 
north facing slopes and steeper south-facing slopes, each with a possible explanation. 
After the second period doubling, the situation becomes similar to that suggested 
above (Kennedy, 1976), and behaviour is chaotic. This could be the zone occupied by 
Jersey, where there is some underlying order, but this is rather difficult to deduce. 
Finally, there is the zone of pure randomness, where it is impossible to determine which 
slope aspect will be steeper. The lines of data on the above plot also delim it the 
boundary conditions (in terms of climate) of where different explanations of 
asymmetry may be applied. For example, after the second period doubling, there are 
four possible explanations of asymmetry.
Figure 7.9.4-B shows some of the complexity of any description of asymmetry. 
This diagram only covers period 3, in period 4 there are nine possible types of 
asymmetry, indicated by the lines, each of which could have a particular explanatory 
hypothesis. Beyond period four is the random zone discussed in section 7.9.3 above 
where prediction of aspect of steeper slope is impossible. To summarise then, it is 
possible that the aspect of steeper slope in asymmetric valleys is a wholly random 
process, with no physical controls involved. An alternative is the chaotic explanation, 
where the controls on aspect of steeper slope is so complex as to be essentially random.
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facing slopes, hypothesis 7  
^ valid
Valleys with steeper south- 
facing slopes, hypothesis 2  
valid
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facing slopes, hypothesis 4  
I valid
T
t
2nd Period 
Doubling___^
1
Valleys with steeper north- 
facing slopes, hypothesis 8 
valid
Figure 7.9.4-B; The detail o f period 3 
Whether a deterministic, chaotic or random explanation describes the asymmetry of 
any given valley or region depends on the geomorphology and climate of that region. It 
would appear that only a small change in any given parameter is all that is necessary to 
move any given region from one state to another. Hence with detailed information on 
these parameters it might be possible to determine what factors determine the aspect of 
steeper slope.
In the terminology of Philips (1994, pp 389), this is “deterministic uncertainty, 
the uncertainty associated with an identifiable, but unknown and uncertain source. ’’This 
means that whilst there are controls on aspect of steeper slope, these are not identifiable. 
Philips explains the degree of unpredictability of a system mathematically using 
entropy. A truly random system has infinite entropy, and infinite degrees of freedom. 
A complex, chaotic system has a very large, but finite, number of degrees of freedom. 
This explains why behaviour appears to be random, the number of degrees of freedom 
is so large as to produce a system that appears random.
7.9.5 Attractors
To probe the chaotic region of the bifurcation diagram, the region that may be 
occupied by the Jersey valleys, a second alternative means of viewing this situation can 
be used, namely attractors. This section will investigate this in some detail and give 
some explanation of the chaotic system.
To simplify matters for a moment. Consider north-south asymmetry in east- 
west orientated valleys, there are two possible states for this valley, the first is steeper
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north-facing slopes, and the alternative is steeper south-facing slopes. Mathematically,
these two situations can be termed attractors. When data are plotted, and i f  the data is
clean enough, then the data will appear "to cluster around these two possibilities, they
‘attract’ the data. To extend this further, if  a vast amount of data on valley symmetry
could somehow be summoned and plotted, in mathematical terms, this is plotted in
‘phase’ space, another mathematical construction, used as a means of displaying data in
a graphical form. In this particular example, phase space is three dimensional,
corresponding to three graphical axes, along which the data will be plotted. These three
axes are; (1) An index of asymmetry, ranging from steeper north facing to steeper south
facing, (2) an index of temperature, and (3) and index of effective precipitation.
............
Figure 7.9.5-A; The Lorenz Attractor.
Produced using the Fractin computer program.
But first the data is plotted along a single axis, the index of asymmetry. As the 
hypothetical data are plotted, then one might expect three distinct clusters of data 
emerge. These are around the extremes of the scale, perfect north and south facing 
asymmetry, and also there would be a few symmetrical valleys. However, for the 
purposes of this research, if  these can be ignored for a moment, and we need to 
concentrate on the majority of the data. When a second axis is introduced, this simple 
clustering of data disappears. The introduction of the temperature index, increases the 
possible structure of data in phase space, producing a bifurcation diagram, as discussed 
in section 7.9.4 above. A dd to this a third dimension, and the cloud of data becomes
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three dimensional. However, it is unlikely that this cloud will be ‘solid,’ it is more
likely that it will be hollow. Indeed, the structure of the data in phase space will be
rather complex. A picture would be helpful at this point. Imagine the Lorenz attractor,
and this is what a plot of valley asymmetry might appear like in phase space. The
Lorenz attractor originated as a graphical depiction of the interplay of three nonlinear
equations (Gleick, 1987). When the data from these equations are plotted in phase space
the attractor results, showing how data loop around two possible stable states’ but never
quite reach them. The two holes in the ‘butterfly’s’ wings’ are the two attractors. One
is perfect north-facing asymmetry, and the other is perfect south-facing. The data loop
around these two possibilities, never quite reaching these, as the effects of temperature
and precipitation interfere with the situation. This is a strange attractor.
So far this section has only considered north-south asymmetry. WTiat about east- 
west asymmetry? This initially confuses the situation, however it need not. Consider 
the three-dimensional phase space, with indices of temperature, precipitation, and east- 
west asymmetry, rather than north-south. It is suggested that a similar strange attractor 
would result. Naturally, these two attractors will not be identical, but the general form 
would be similar.
So, two plots may describe, graphically, the asymmetry situation. These two 
can be merged into one. There exists a continuum of asymmetric valleys, not two 
separate systems, one for north-south and one for east-west orientated valleys. After all, 
when does a valley stop being orientated north-south and becomes east-west orientated 
feature? So to return to the attractor, a fourth dimension can be added, that o f valley 
aspect. Naturally, visualising four-dimensional space is somewhat difficult. Instead, 
picture, the north-south attractor, and then the east-west attractor. Then merge (or 
morph) from one attractor to the other, and then back again. This 4-D movie shows an 
explanation of valley asymmetry, and how this is sensitive to valley orientation.
However, in the case of a ‘real world’ asymmetric valley, to gain a true ‘picture’ 
of the attractor, one needs to consider a situation with more than three variables. Rather 
than simple ‘indices’ o f temperature and precipitation, one needs to use ‘hard’ values. 
These would have to develop quantitative expressions of factors such as: Soil resistance 
to erosion, soil infiltration capacity in different environments, and precipitation type, 
how snow effects slopes differently to rain, and so on. Needless to say this would be 
rather difficult, but though difficult this is not impossible. In order to gain a full 
insight into the processes that lead to asymmetric valley cross-sections, it would be
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necessary to investigate contemporary valleys, collect data on those variables, including
precipitation, temperature, etc., noted above. These data could then be subjected to
detailed analysis, and some of the underlying causes of asymmetry determined.
The attractor model has another advantage over the 'bifurcation diagram 
model . In essence, the bifurcation diagram shows that a small change in the 
independent variable can produce a radical change in the dependent variable. The 
attractor shows that a gradual change in the independent variable produces a gradual 
change in the independent variable. O f course the attractor also allows that a moderate 
change in the independent variable can produce a very radical change in the dependent 
variable. This would seem to be supported by the GIS investigation. This confirmed 
that there are no statistically significant differences (at a significance level of p < 0.05) 
between two different cell aspects (north or south facing) and cell gradient. However, 
there is a significant relationship between cell aspect and gradient. This would seem to 
suggest that there are no sudden changes in the slope system, rather there are gradual, 
continuous changes, a slight change in aspect leading to a slight change in cell gradient. 
This is more comparable to the attractor model than the bifurcation diagram with its 
sudden change in state. O f course the issue of what factors ultimately influence slope 
gradient, and how these are effected by slope aspect, remain unresolved. This is an area 
requiring further research.
7.9.6 Final Conclusion
Finally to conclude. This section of the study set out to try and determine 
whether the Jersey valleys displayed asymmetric cross-sections. I f  they did, this could 
be taken as supporting evidence of a periglacial origin for the Jersey valleys. However, 
it should be stated that other non-periglacial origins exist, however these tend to be 
even more speculative than the periglacial hypotheses. I t was hoped that this research 
would demonstrate that a periglacial origin was most likely to apply to the Jersey 
valleys. In the course of the analysis of this data, it became apparent that whilst the 
slopes are asymmetric, the difference is not statistically significant (at significance 
level of p < 0.05). However there is a statistically significant relationship relating slope 
gradient to aspect. It seemed likely that a variety of processes could be used to explain 
the observed asymmetric forms.
Taking the analysis further, methodologies rooted in chaos theory were 
examined. This allowed a new degree of explanation. It seems that the valley cross- 
sections are asymmetric, but that there is no single global explanation of the aspect of
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Steeper slope. Rather a series of localised explanations apply. The distribution of these
could be explained qualitatively in terms of a bifurcation diagram. From this it was
suggested, that if ‘hard data on a series of variables could be collected, prediction of
aspect of steeper slope might be possible. Again this was explained graphically in
terms of a strange attractor. I f  this data were available then these might allow
mathematical expressions to be developed that would predict aspect of steeper slope
for a given set of parameters.
The use of localised explanations follows from the dependence of several slope 
processes on localised conditions, such as micro-climate. For example whether a snow 
patch acts as an insulation layer or as a increased source of water is dependent on local 
temperature and radiation receipts. For the Jersey valleys, other than noting that the 
cross-sections are asymmetric, and that there is a relationship between aspect and 
gradient, detailed conclusions are not possible. This is unfortunate, but results from the 
absence of the full range of data on the climatic and geomorphic parameters that would 
have affected the slope when active. This is regrettable. However, the asymmetry of 
valley cross-sections can still be explained as being due to periglacial processes. The 
full detail of how this asymmetry arises was investigated, through the flow chart model 
of asymmetry development, and the bifurcation diagram and attractor. More detailed 
research on climatic and geomorphic processes during valley formation would probe 
these suggestions, and determine which explanation/s might apply to the Jersey valleys.
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8 . H y p o t h e s is  T e o t n g  a n d  M o d if ic a t io n
8.1 Introduction
This chapter will probe in detail the workings of the proposed hypothesis and 
make any necessary modifications. It will also attempt to produce an estimate of val­
ley forming discharge for the Jersey valleys. I t seems reasonable to suggest that these 
features are relict periglacial snow melt features, hence it becomes clear that the best 
approach would be to use data from contemporary periglacial catchments to estimate 
discharge. Support for this periglacial origin can be drawn from the presence of head 
within the valleys, together with loess on the plateau above, and the absence of raised 
beach deposits within the valleys (as discussed in greater detail in chapter 2). Some 
further support might be drawn from the morphometry of the valleys, namely the non- 
fractal nature of the valley networks, which seems unusual for any temperate fluvial val­
ley. Additionally, chapter 7 suggests that the valleys have asymmetric cross-sections, 
and whilst no single mechanism can be used to account for this, a range of periglacial 
explanations seems most plausible.
Hence this study will attempt to use data from contemporary permafrost 
catchments to determine the valley forming discharges of the Jersey valleys. I f  this 
proves unfeasible, then alternative methods will be investigated. However, before this is 
attempted, it is first necessary to examine permafrost catchments in some detail, to 
establish the ‘base-line’ conditions typical of such regions.
8.2 Comparison o f Jersey and Permafrost Morphometry
Before this analysis was attempted it was decided to compare the Jersey valley 
network density (VND) with published information on drainage density in periglacial 
catchments. Remember that the focus of this thesis is the origin of the Jersey misfit val­
leys, and that it has been suggested that these are relic periglacial features. I f  the mor­
phometry of the valleys can be demonstrated to be similar to the morphometry of 
other periglacial features then perhaps a comparison can be drawn. Unfortunately, there 
are very few published data on this. Table 8.5.1-A summarises what data have been 
published.
It was decided to investigate whether the morphometry of the Jersey valleys is 
similar to periglacial glacial valleys. If the morphometry (specifically the valley net­
work density) can be shown to be similar then it might be possible to draw a fink be-
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Area Source Mean VND (km'‘ kni^) Code
Jersey: This Study 2.87 (1)
Caribou-Poker ‘ -  Haugen et al, 1982 0.80 (2)
Barrow Quadrangle Brown, et al, 1968 0.19 (3)
Glen Creek Dingman, 1971 7.20 (4)
Caribou-Poker Slaughter and Collins, 1981 3.29 (5)
Reanalysed Caribou-Poker After Haugen et al, 1982 (see below) 0.50 (6)
Table 8.5.1-A; Sources of morphometric information on permafrost catchments, 
tween the similar morphometry and suggest a similar origin. This in tum would give 
support to a periglacial origin for the Jersey valleys. O f course such an analysis would 
make a great many assumptions about the link between process and form. However, be­
fore this issue is investigated further, it was decided to test the data and see whether 
any differences arise.
This used an AN OVA test to compare the drainage density values quoted in 
the above literature and the Jersey VND data (this is the mesh length extension 
method). This showed a significant difference between all the catchments, the prob­
ability value from this test is 0.0001, and the F-test is 42.632 (significance level is p < 
0.05). The differences between individual catchments are shown in Table 8.5.TB.
NB Values in bracket 
are F-test results
r Code Caribou- 
Poker 
(Haugen et al)
Barrow
Quadrangle
Glen Creek Caribou-Poker 
(Slaughter &  
Collins)
Reanalysed
Caribou-Poker
Jersey 1 Yes (14.899) Yes (2.404) Yes (7.125) No (0.22) Yes (18.139)
Caribou-Poker 2 No (.071) Yes (20.890) Yes (8.112) No (0.118)
Barrow Quadrangle 3 Yes (7.696) Yes (1.851) No (.019)
Glen Creek 4 Yes (7.667) Yes (22.857)
Caribou-Poker 5 Yes (10.142)
Table 8.5.1-B; Results of the ANOVA comparison between different catchments to determine 
whether VND values are significantly different.
‘Yes’ indicates that there is a statistically significant difference at a significance 
level of p < 0.05, with the F-test value being shown in brackets. This shows that Jersey 
valley network density is significantly different to four of the five sets of drainage den­
sity values for the permafrost catchments, the exception being the possibly erroneous 
data of Haugen ff  4^(1982) (see below). Additionally, within the permafrost catch­
ments there are also significant differences between the different regions. The signifi­
cant differences between the Glenn Creek and Caribou-Poker data are disappointing, 
however the second set of Caribou-Poker data (Slaughter and Collins, 1981) demon­
strates that the Jersey valley density is broadly comparable with the drainage density 
of these periglacial catchments. Furthermore, whilst there may be statistically signifi­
cant differences between the different VND values, in real terms there tends to be less 
variation between groups than there is within groups. For example, the Jersey VND 
data varies from values below 0.5 km km'^ to over 20 km km'^, whilst all of the pub-
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hshed data on a single location tends to be of the same order of magnitude. This range
of values encompasses all of the data .from the periglacial catchments.
The above analysis also shows that there are significant differences between the 
two sets of published Caribou-Poker drainage density values! The cause of this is uncer­
tain. Both Haugen et æ/(1982) and Slaughter and Collins (1981) give almost identical 
values for catchment area and total stream length. Typically, differences on these 
points are of the order of a few percent. However, the values of drainage density quoted 
by Haugen et æ/appear to be wrong. Recalculation o f the Haugen et al data on stream 
lengths and catchment areas gives drainage density values are almost identical to 
Slaughter and Collins. VThy this miscalculation occurred is uncertain, and what follows 
is highly speculative:
When the drainage density values quoted by Haugen et a l2.it divided by 1.61, 
this produces values almost exactly identical to the re-calculated drainage density val­
ues. 1.61 is the conversion factor used to convert values from miles to km. Hence it is 
hypothesised that the Caribou-Poker morphometric data collected by Haugen et al, 
were measured using imperial units (this is not unreasonable, remember this was a study 
sponsored by the US Army). Then at some stage conversion into metric units was nec­
essary for publication. However, for some unknowii reason after conversion of the drain­
age density values, these data were again divided by 1.61. Why this happened is not 
clear. However, this mistake was, not detected, and the published values were incorrect. 
Hence in future use of Caribou-Poker data, the values of drainage density quoted by 
Haugen et /st/will not be used. Rather, the re-calculated data will be used. Furthermore, 
it is worth noting that the ANOVA test above reveals a significant difference between 
the reanalysed Haugen et data and the Slaughter and Collins data. The only possible 
explanation for this is that Haugen et al produced blue-line data whilst Slaughter and 
Collins used contour crenulations or similar to measure an extended network.
However, the only set of data that is not significantly different to the Jersey 
data are the Slaughter and Collins data for Caribou-Poker. So from this it would ap­
pear that in terms of drainage density at least, the Jersey catchments are quite different 
to periglacial catchments. This in itself appears quite worrying, different drainage den­
sity values would seem to indicate that the morphometry of the periglacial and the Jer­
sey catchments are quite different. This could be taken as a sign that the hydrology of 
the two regions is different, and that the Jersey valleys are not periglacial features. 
However, there are also differences within the periglacial data, suggesting that inter-
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catchment variation takes place. So, the differences between the periglacial catchments
and the Jersey catchments are perhaps.not unsurprising. Variations between catchments 
do take place, and variations occur between the Jersey catchments and the periglacial 
ones. So whilst this would imply that there are differences between the two regions, this 
really should not be too surprising. Unfortunately this means that this approach does not 
provide any support for a periglacial origin for the Jersey valleys, which is a disap­
pointment.
However, it would have been surprising if this approach had indicated that there 
were no differences between Jersey and the contemporary permafrost catchments. So 
this analysis, whilst disappointing, it not a total failure. Although it indicates statisti­
cally significant differences, the actual values of VND tend to cover the same range of 
values. So whilst the differences are acknowledged, these can be taken to indicate dif­
ferent environments of formation, suggesting that the Jersey catchments are indeed dif­
ferent to Alaskan catchments. This does not however conclusively demonstrate that 
these catchments were not periglacial features, nor does is suggest that these catchments 
are not periglacial features. This analysis therefore can not be taken as supporting evi­
dence of a periglacial origin to the Jersey valleys. This is unfortunately, as this thesis is 
an investigation of the origins of the Jersey valleys, which are suggested to be a result of 
activity under periglacial conditions. However this section can not be used to draw any 
support for that hypothesis from the valley morphometry, specifically valley network 
density.
8.3 Permafrost Stream Discharges
Given that this chapter aims to produce the most accurate estimate of the 
stream discharge that formed the Jersey valleys, it would be sensible to consider how 
the accuracy of such estimates might be assessed. The Jersey valleys are suggested to be 
relic permafrost features, and the hydrology of permafrost streams is discussed in some 
detail in chapter 4. This section will focus on the discharge regime of permafrost 
catchments, so that some means of comparing the estimates of valley forming dis­
charges to actual permafrost stream discharges may be produced. Without this, any in­
terpretation of the estimates of discharge for the Jersey catchments would be little 
more than unfounded speculation.
What contemporary environments are representative of Jersey during the Deven- 
sian? The Island’s climate seems to have been that of a ‘dry continental polar desert’
(Keen, 1986) with continuous permafrost. However, summer temperatures were suffi-
Andreiv Wright, PhD Thesis, Roehampton Institute London, June 1997
Page 261
The Palaeohydrobgy o f Jersey, Chapter 8, Hypothesis Testing and Modification 
dent to allow snow and permafrost melt. The Island would have been a locally high
plateau-like feature on the dry floor of the English Channel. Searching for a perfect con­
temporary analogue is a difficult task: The climate of the islands of the Canadian Arc­
tic is too marine, but the topography seems broadly similar. The North slope of 
Alaska and northern Scandinavia are too mountainous, the climate of the Siberian Arc­
tic too continental. Additionally, all of these regions have, at some point, been subject 
to glaciation, resulting in drainage networks that are most probably misfit within 
glacially eroded valleys. This contrasts with Jersey which has never undergone glacia­
tion. Additionally, many of the streams in these regions are at least partially fed by 
glacial meltwater. To compound these geomorphic and climatic problems, there is an 
almost complete lack of published data on these regions.
However, the one region with a reasonably large number of gauged catchments 
is Alaska. Furthermore, data on these catchments are available from the World Wide 
Web site [w w w .h 2 o .u sg s .g o v ]. Scanning the USGS archives, this reveals a large 
amount of discharge data for a range of catchments across Alaska, with many records 
covering several decades. It was decided to study only those catchments that appear to 
be most similar to the Jersey valleys during formation. In other words, catchments that 
are relatively small and covered with continuous permafrost. For the purposes of this 
study, ‘small’ was defined arbitrary at <100 km^ Whilst this is much larger than the 
Jersey catchments, a lower threshold would severely reduce the number of catchments so 
that only a handful of catchments would be studied. Additionally, the 100 km^ thresh­
old is sensible in the context of the Alaskan catchments, where there are two main 
grouping of catchment, those smaller than 100 km^ and those larger than 1000 km .^ 
Brown and Pewe (1973) give a map of permafrost distribution, and this was used to 
locate the boundary between permafrost and non-permafrost catchments. In this case, 
only catchments with continuous permafrost were studied. This produces 10 catchments 
with an area of <100 km ,^ and continuous permafrost, these are shown in Table 8.5.TC.
Determination of a typical valley forming discharge is problematic. Stream 
discharge data has a high positive skew, and a fairly high kurtosis. This is typical of 
discharge data, with the majority of mean daily discharges being low values whilst a 
few days have exceptionally high values. For permafrost catchments these are the first 
few days of the spring melt out season. Valley formation is most likely to occur during 
these few days of exceptional discharges. So, ideally, these peak flood discharges 
should be used to determine whether the Jersey discharge estimates are what might have
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Station
name
June C Nr Gold Run C NfRed Dog Red Dog C 
Kotzebue Ak N r Teller C Nr Ab Mouth 
-  A k Kivalina Ak N r Kivalina
A k
Ogotoruk C 
N r Point 
Hope Ak
Nunavak C 
Nr Barrow 
A k
USGS Station 
number;
15743000 15637000 15746988 15746990 15748000 15798700
latitude (degrees, 
minutes, and seconds)
665137 650230 680503 680520 680640 711535
longitude (degrees, 
minutes, and seconds)
1623613 1661006 1625252 1625530 1654510 1564657
Area / km^
Discharge per unit area 
/  nJs'  ^km'^
28.231 62.68 41.18 54.91 90.65 7.23
Mean 0.01 0.02 0.01 0.02 0.02 0.00
SD 0.02 0.06 0.03 0.03 0.03 0.02
Variance 0.01 0.20 0.03 0.05 0.07 0.00
M in 0.00 0.00 0.00 0.00 0.00 0.00
Max 0.13 0.52 0.20 0.20 0.27 0.31
Range 0.13 0.52 0.20 0.20 0.27 0.31
Skew 0.14 0.07 0.09 0.06 0.04 1.32
Kurt 0.62 0.43 0.42 0.22 0.30 16.52
Mode 0.00 0.00 0.00 0.00 0.00 0.00
Median 0.00 0.00 0.00 0.01 0.01 0.00
25th Percentile 0.00 0.00 0.00 0.00 0.01 0.00
75th Percentile 0.00 0.02 0.01 0.02 0.03 0.00
Station
name
Sagavanirktok R 
Trib Nr Pump 
Station 3 Ak
Chamberlin C Nr 
Barter Island Ak
Dahl C Nr Kobuk 
A k
Atigun R Tr Nr 
Pump Station 4  Ak
USGS Station 
number:
15906000 15975000 15743850 15904900
latitude (degrees, 
minutes, and seconds)
684113 691730 665646 682225
longitude (degrees, 
minutes, and seconds)
1490542 1445750 1565432 1491848
Area / km^
Discharge per unit area 
/  nJs'  ^krri^
73.56 3.78 28.49 84.43
Mean 0.01 0.11 0.04 0.01
SD 0.02 0.06 0.04 0.02
Variance 0.02 0.01 0.06 0.03
M in 0.00 0.00 0.00 0.00
Max 0.31 0.28 0.32 0.16
Range 0.31 0.27 0.32 0.16
Skew 0.12 0.11 0.06 0.03
Kurt 1.75 -0.05 0.12 0.10
Mode 0.00 0.10 0.00 0.00
Median 0.00 0.10 0.03 0.00
25 th Percentile 0.00 0.06 0.00 0.00
75th Percentile 0.01 0.15 0.06 0.01
Table 8.5.1-C: Alaskan catchments used for comparison with Jersey 
actually formed the valleys.
However, the majority of the methods used to estimate stream discharge pro­
duce an estimate of the mean annual discharge. Determination of this for permafrost 
catchments is not a particularly valid exercise, given that for long periods o f the year 
the streams are inactive. These are followed by the extremely high discharges of the
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spring snow melt flood, before discharge declines to a lower value for summer. Hence,
whilst the peak discharge might actually be representative of the valley forming dis­
charge, it is not representative of the mean annual discharge. Furthermore, the mean of 
the annual discharge series underestimates mean annual discharge, because this includes 
the dry winter period. Likewise the mode and median are not particularly better suited 
to use as the ‘mean’ annual discharge. Because of this it was decided to use the 75* per­
centile of the discharge series. This seems to be the best possible compromise.
Looking at all the data on the smaller Alaskan catchments, the mean of all the 
75* percentiles is 0.79 m^ s'% or as a discharge per unit area figure, 0.03 m s^'  ^ km'^. Re­
ferring back to chapter 2, and comparing these values with the contemporary Jersey 
data, this translates to catchment discharges around 10 times larger than the contempo­
rary value for Trinity or a discharge per unit area value some 4 times larger. Such an 
increased discharge regime would surely be capable of eroding the Jersey valleys.
So, when the various methods are applied to the Jersey catchments, those meth­
ods that produce a discharge estimate close to 0.03 m^ s'^  km'^ will be taken to be fea­
sible discharge values, and maybe taken forward for further analysis. Estimates that de­
part from this value will be examined closely. However, such values are unlikely to be 
representative of valley forming discharge. The mean peak Alaskan discharge value, for 
the same catchments, is 12.87 m^ s'^  or 0.27 m^ s'^  km'^. These values will be used to de­
termine whether methods that estimate peak discharge are feasible or not.
8.4 Methods o f Discharge Estimation, Introduction
A fundamental aim of this study is the estimation of the river discharge that 
formed the Jersey misfit valleys. A variety of methods exists to estimate stream dis­
charge. A detailed review of these is found in Maizels (1983). As this study originated 
as a morphometric investigation, a morphometric approach will be adopted for esti­
mation of discharge. The lack of other evidence suitable to palaeohydrologic recon­
struction (sediments, palaeo channel, stage markers, etc.) means that morphometry is 
probably the only feasible method for the Jersey valleys. Ideally this approach would 
utilise information from comparable environments. However, before morphometric 
investigations in periglacial regions are covered, other methods of discharge estimation 
will be discussed.
The use of morphometric parameters in equations that estimate catchment 
stream discharge is discussed in further detail in section 5.7 and also by Gardiner and
Gregory (1982). This section will not concentrate on the principles of such methodol-
Andrew Wright, PhD Thesis, Roehampton Institute London, June 1997
Page 264
The Palaeohydrology o f Jersey, Chapter 8, Hypothesis Testing and Modification 
ogy, but rather will focus on the application of methods. Each method will be dis­
cussed, applied to the Jersey catchments, and where the results are comparable to 
periglacial catchment discharges, they will be taken forward for more detailed analy­
sis. Firstly temperate drainage density-discharge relationships will be discussed. These 
will be followed by a range of other methods that related catchment morphometry to 
discharge for temperate catchments. Finally, there are a few periglacial morphometric 
discharge relationships which will be applied to the Jersey catchments.
In attempting this approach two further problems arise. Firstly the Jersey 
catchments are rather small, whereas the many of the approaches were developed for 
catchments that are much larger. This raises the question of whether it is statistically 
valid to apply a relationship to a situation beyond the bounds of the data used to de­
velop that relationship. So, for this situation, is it valid to use a relationship developed 
for catchments with areas between 50 and 200 km^ on catchments with areas <25km^? 
Such use of relationships stretches the validity of the regression equation to the absolute 
limit, and the further the catchment area is from the original 50 to 200 km^ range, the 
lower the significance of the relationship. This means that the confidence of any given 
estimate being correct decreases the further the catchment is away from this range of 
catchment area. Hence the degree of certainly of any given prediction being an accurate 
estimate decreases. This problem will be particularly acute for the very small Jersey 
catchments. A possible justification lies in the hierarchical nature of drainage basin 
processes. So any relationship between morphometry and discharge for a single large, 
high order, catchment is actually an composite relationship for each of the smaller, low 
order, catchments. Although the relationship is based on data for the high order catch­
ment, this data includes values of the low order, small area catchments. Hence it could 
be argued that there is a degree of geomorphological if not statistical validity.
The second issue is that of geographical location. There are a great many rela­
tionships between morphometry and stream discharge available. However, the majority 
of these were developed for temperate, subtropical, or arid environments, and very few 
were developed using data from permafrost catchments. This then raises the question of 
whether it is meaningful to take, for example, a relationship developed for southern 
California and apply it to a relic permafrost valley. Clearly such an application will 
ignore a great many environmental factors if attempted. For example, the precipitation 
regimes in southern California and the permafrost zone are completely different, as are 
the runoff generation processes (snow melt verses ‘flashy’ Hortonian overland flow,
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etc.). This would seem to suggest that this also invalidates this approach.
There a possible justification however, if  it is assumed that different processes 
lead to the same effect (or landform) and that the relationship relates cause (stream 
discharge) to effect (landform). So, it might be reasonable to apply a Californian rela­
tionship to a permafrost catchment if  both catchments are mountainous. Likewise, in 
both catchments the presence of an impermeable surface might be an important effect. 
In California this might be the product of arid processes leading to salt deposition or 
clay crusting on the surface and hence the forming of the crust. In the permafrost catch­
ment the presence of permafrost has the same hydrological effect, different processes 
but leading to the same effect. In both cases this would assume that the soil crust or 
mountainous nature of the catchment are the most important influences on stream dis­
charge and that these are being indexed by the relationship. However, this is pushing 
logic and the relationship in question to the absolute limits.
So, it would seem that any attempt to apply a relationship developed elsewhere 
to estimate discharge in the Jersey catchments would be verging on being invalid. 
However, this study will attempt to apply such relationships. This is because this ap­
proach is one of the few that remains available to this research and that any estimate, no 
matter how crude, it better than nothing. The use published relationships in this manner 
stretches their validity, this thesis acknowledges these problems. However if any insight 
is to be gained then these problems have to be accepted and overcome. In practice this 
means that the confidence that can be associated with any given discharge estimate will 
not be particularly high. However this is accepted as this will be the first detailed at­
tempt to estimate the discharge that formed the Jersey valleys, and simply gaining an 
insight to valley forming discharge, no matter how crude, is an advance over not trying 
and having no data. So, this section will attempt to gain just that, an insight into the 
valley forming discharge. This value may not be a particularly accurate estimate of 
that discharge however this problem is acknowledged and accepted. Finally, such an 
approach is not unique in morphometric palaeohydrology. For example, Cheetham 
(1980) applied the temperate Carlston (1965) relationship to relic permafrost features 
in the Kennet valley, and Gardiner’s (1986) application the Cheetham (1980) relation­
ship to La Vallée de Lécq and St. John.
It is the aim of this section therefore to apply as many approaches as possible to 
the Jersey valleys, even though some of those approaches may not be particularly suit­
able to Jersey. By using so many approaches, this thesis will gain as wide an insight as
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possible, and the widest possible range of estimates. This range of values will then be
narrowed down via a process of selection. By comparing the discharge estimates to 
data from periglacial catchments, and each other, this thesis will attempt to spiral in 
on as accurate an estimate of valley forming discharge as possible. So, this thesis will 
attempt to use a large number of weak relationships in combination to remove as much 
potential error as possible and give a discharge estimate for which the maximum pos­
sible confidence can be ascribed. This approach in itself may not be particularly valid, 
however for this thesis it remains one of the few approaches available, and as such it is 
worth experimenting if only to see what results are produced.
8.5 Methods Only Involving Drainage Density
8.5.1 Carlston (1963)
Probably the most widely discussed method of discharge estimation using 
drainage basin morphometry, in this case drainage density, is that of Carlston (1963, 
1965) and Cheetham’s (1980) re-formulation of this. The first Carlston relationship 
was based on data from 13 catchments in New England. This does create several prob­
lems with the method, firstly as a temperate relationship it might not be directly ap­
plicable to periglacial features and secondly, Carlston’s use of the Jacob watertable 
model raises further problems (see section 5.7). However, this equation, and modifica­
tions of it, have been used for estimates of valley forming discharge in other palaeohy- 
drological studies (Cheetham, 1980; Gardiner, 1986). Therefore application to Jersey 
has value, if  only to determine whether is methodology is valid or not. Furthermore, 
nothing is lost by trying this approach, and it is possible that it might produce a valu­
able insight into the nature of the Jersey valleys. Despite this, the problems involved in 
the Carlston method have to be noted. The final equation developed by Carlston is
Q 2 .2 3  =1-3 Dd
Equation 8.1
Where Q  2  2 3  is the discharge of the mean annual flood with a recurrence interval 
of 2.23 years in cubic fe e t per second. Dd is the drainage density, units miles miles'^. 
This relationship was applied to the Jersey catchments (after conversion to imperial 
units), producing the following data (shown using metric units) shown in Table 8.5. TA, 
or Table 8.5.TB (summary statistics). Alternatively, these data can be viewed as his­
tograms, as shown in Figure 8.5. TA and Figure 8.5. TB.
These data show a range of discharge estimates, either side of the mean esti­
mate of catchment discharge of 3.6 m^s'h The variation with area is a result of the di-
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verse range of drainage density values across Jersey, remember that Carlston relates
Catchment Catchment 
Area /  knJ
Carlston (1963), Catchment 
Mean Annual Flood 
Dischars;e /  nJs'^
Carlston Mean Annual Flood 
Discharge per Unit 
Area /  nJs'  ^km'^
St. Peter 8.72 7.13 0.82
Trinity 10.45 3.33 0.32
St. Lawrence 6.45 3.59 0.56
Grouville 9.86 1.41 0.14
Les Quennevais 3.26 5.14 1.58
La Vallée des Vaux 4.19 3.33 0.79
La Val de la Mare 5.82 2.04 0.35
St. John 3.96 3.19 0.80
Le Vaux des Lécq 3.47 2.94 0.85
Rozel 3.18 3.26 1.02
St. Nicholas 1.39 7.13 5.13
La Grande Cueillette 1.17 6.84 5.84
St. Ouen 2.03 2.91 1.43
La Vaux de Rozel 1.06 4.55 4.29
St. Saviour 2.97 0.99 0.33
La Fosse 0.63 5.67 9.00
Boulay 0.85 3.59 4.22
Le Petit Port 0.53 6.08 11.47
La Vallée des Mouriers 3.27 0.55 0.17
Le Coupés 0.55 3.82 6.94
La Bas Rozel 0.30 5.39 17.97
La Cocagne 0.27 5.55 20.57
St. Brelade 0.56 1.80 3.22
Bonne Nuit 0.59 1.38 2.33
Faldouet 0.52 1.50 2.88
La Rochque Onvoy 0.42 0.61 1.45
Table 8.5.1-A: Results o f the Carlston (1963) estimation of Jersey valley forming discharge
Catchment Discharge /  n^ s'^ Discharge per Unit Area ! nJs'  ^km^
Mean 3.60 4.02
SD 2.02 5.36
Variance 4.10 28.75
Kurtosis -0.96 3.89
Skewness 0.25 2.05
Mode 7.13 N /A
Median 3.33 1.51
M in 0.55 0.14
Max 7.13 20.57
Range 6.58 20.42
25th Percentile 1.86 0.80
75th Percentile 5.33 4.92
Table 8.5.1-B: Summary statistics for Carlston (1963) data 
drainage density to discharge, not area and discharge. This range of data is useful as it 
shows that discharge is not simply related to catchment area, and that other variations 
are taking place. However, several values of runoff per unit area are very high, including 
the mean value of 4.02 m^ s'^  km'^. Note that this is probably not an accurate measure of 
central tendency given the positive skew. These high estimates results from a small
number of small catchments, where drainage density is rather high. This produces a
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large estimate o f discharge, and hence an extremely high estimate o f runoff per
unit
Histogram of Carlston (1963) 
Mean Annual Flood Discharge
b.ÜT
4.5
4 .0 -
3.5
3 .0 -
1 2 .5 -
I 2 .0 -
1 .5 -
1 .0 -
0 .5 -
0 . 0 -L
0.5 1.0 1.5 2 .0  2 .5  3.0 3 .5  4 .0  4 .5  5 .0  5 .5  6 .0  6.5 7 .0  7 .5  Mor
e
Discharge /  c u sec s
Figure 8.5.1-A: Histogram o f catchment discharge for the mean annual flood, estimated using the
Carlston (1963) relationship
Histogram of Carlston (1963) 
MAP discharge per unit a r e a .
10
9
8
7
I:
3  - 
2 - 
1 - 
0
4  5  6 7
D ischarge /  cu sec s
10 More
Figiure 8.5.1-B: Histogram o f discharge per unit area for the mean annual flood, estimated using the
Carlston (1963) relationship
area. There is a geomorphic explanation for this. The catchments producing the highest 
estimates of discharge per unit area are the small, steep catchments on the northem and 
eastern coasts. Possibly the high discharge estimates are feasible, given a ‘flashy’ hy­
drology in such small basins. Hence such small catchments would be dominated by low 
frequency, but high magnitude flood events.
The modal discharge per unit area value is 1.51 m^ s'^  km'^, so this can be taken 
to indicate that this method tends to produce values of discharge per unit area between 
1.0 and 2.0 m^ s'  ^ km'^. These values compare to values of 0.071 m s^'  ^ and 0.010 m^ s'^  
km'^ for the contemporary Trinity discharge data, an increase in discharge per unit area
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in the order of between 96 and 144 times. These discharge estimates might appear to
be reasonable, after all large discharges would be necessary to form the valleys. How­
ever, these discharge estimates are between 25 and 38 times larger than the Alaskan 
discharge per unit area values. Such high estimates of discharge per unit area are simply 
not feasible. Surely Jersey runoff values could not have decreased by a factor of 100 
since valley formation. Hence it may be concluded that this approach produces ex­
tremely high values of discharge, too high to have actually occurred. Therefore, it 
seems that this approach is not suited to application to Jersey, and therefore will be 
taken no further.
8.5.2 Carlston (1965)
Following a suggestion by Cotton (1964) Carlston re-evaluated the drainage 
density-base flow relationship. This relationship is
%  = 2 .8 D /
Equation 8.2
Where Q, is the base flow discharge (in cubic feet per second) per square mile, 
and Dj is drainage density in miles miles' .^ When applied to the Jersey catchments, this 
relationship produces the following data shown in Table 8.5.2-A and Table 8.5.2-B 
(summary statistics). These data are also shown in histograms. Figure 8.5.2-A and 
Figure 8.5.2-C.
Thus, in contrast to Carlston (1963), this approach produces extremely low val­
ues of discharge, with the mean discharge per unit area being 9.22 x 10'^  m^ s'* km'^. 
This is partly as expected, these are estimates of base flow, and are a product of the 
inverse relationship between drainage density and discharge. Surprisingly, these values 
can be interpreted as being quite reasonable for the Jersey catchments, they are certainly 
much lower than the Alaskan discharge per unit area data. Under a periglacial climate, 
there is no fluvial activity over the winter, and following the spring meltout flood, dis­
charge levels decline eventually returning to the winter low, excepting any storm events. 
Hence the values produced by this equation are actually reasonably as would be ex­
pected.
So, although the Carlston (1965) relationship is based on morphometric data
to the Jersey catchments it appears to produce results that are feasible when applied to
the Jersey catchments. This is most likely to be a result of accident rather than design,
and indicates a potential problem with all drainage density-discharge relationships. I f
a relationship produces ‘reasonable’ estimates for discharge for two diverse climatic
regions, how accurate are these estimates? This is an issue that is returned to in section
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Catchment Carlston (1965) Catchment 
Base Flow l  nJs'^
Carlston (1965) Catchment Base 
Flow per Unit Area /  nJs'  ^km'^
St. Peter 2.75 X 10'^ 3.15x10-^
Trinity 5.88 X 10-3 5.63x10-^
St. Lawrence 5.46x10'^ 8.46x10-^
Grouville 1.39x10-2 1.41 X 10-3
Les Quennevais 3.81 X 10'^ 1.17x10-3
La Vallée des Vaux 5.88x10-3 1.40x10-3
La Val de la Mare 9.62x10-3 1.65x10-3
St. John 6.15 X 10-3 1.55x10-3
Le Vaux des Lécq 6.66x10-3 1.92x10-3
Rozel 6.01 X 10-3 1.89x10-3
St. Nicholas 2.75x10-3 1.98x10-3
La Grande Cueillette 2.86 X 10-3 2.45 X 10-3
St. Ouen 6.73 X 10-3 3.32x10-3
La Vaux de Rozel 4.31 X 10-3 4.06x10-3
St. Saviour 1.98x10-2 6.67 X 10-3
La Fosse 3.45x10-3 5.48 X 10-3
Boulay 5.46x10-3 6.42x10-3
Le Petit Port 3.22x10-3 6.08 X 10-3
La Vallée des Mouriers 3.57x10-2 1.09x10-2
Le Coupés 5.13x10-3 9.33 X 10-3
La Bas Rozel 3.63 X 10-3 1.21 X 10-2
La Cocagne 3.53x10-3 1.31 X 10-2
St. Brelade 1.09x10-2 1.94 X 10-2
Bonne Nuit 1.42x10-2 2.41 X 10-2
Faldouet 1.31 X 10-2 2.52x10-2
La Rochque Onvoy 3.21 X 10-2 7.65 X 10-2
Table 8.5.2-A: Carlston (1965) estimates for catchment discharge and discharge per unit
area
8.6 below.
Carlston (1965) Catchment 
Base Flow /  nJs
Carlston (1965) Catchment 
Base Flow per Unit Area ! nJs'‘ hn^
Mean 8.96x10-3 9.22x10-3
SD 8.51 X 10-3 1.55x10-2
Variance 7.25x10-3 2.39x10"^
Kurtosis 4.60 15.1
Skewness 2.20 3.61
Mode 2.75 X 10-3 N /A
Median 5.88 X 10-3 3.69x10-3
M in 2.75x10-3 3.15x10-^
Max 3.57x10-2 7.65 X 10-2
Range 3.29 X 10-2 7.62x10-2
25th Percentile 3.68 X 10-3 1.58x10-3
75th Percentile 1.06x10-2 1.05x10-2
Table 8.5.2-B: Summary statistics for the Carlston (1965) data
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Histogram of Carlston (1965) b ase  flow
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Figure 8.5.2-A: Histogram of catchment base flow estimated using the Carlston (1965) relationship.
Histogram of Carlston (1965) base flow per unit area
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Figtue 8.5.2-C: Histogram o f base flow per unit area, estimated using the Carlston (1965) relation­
ship
8.5.3 Trainer (1969)
Trainer (1969) develops a similar drainage density-discharge relationship to 
Carlston (1963). Morphometric information on the ‘blue-line’ network was collected 
for 10 basins in the Potomac river basin, N E USA, using 1:24,000 maps. Again this 
approach is probably not immediately suitable for application to Jersey, however ap­
plication is a useful exercise simply to see what discharge estimates are produced. This 
was compared to estimates of base-flow produced by hydrograph separation, produc­
ing an inverse relationship between drainage density and base-flow per stream length. 
This relationship uses discharge records that only cover about a year. Trainer does not 
quote the actual relationship between drainage density and discharge, and it seems 
likely that the graph was used to estimate discharge in ungauged catchments. These es­
timates are said to be “within 45% of the estimate” (pp C l77) of discharge produced
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by hydrograph separation. This weak agreement is not unsurprising, given the problems
of using drainage density-discharge relationships, and the short duration of the dis­
charge record used.
Despite these problems, it is possible to develop a drainage density-discharge 
relationship from Trainer’s basic data. This used simple linear regression, giving;
Q =  1.16 D d - 2.80
Equation 8.3
Where Q is discharge in m^s'\ and Dd is drainage density in km'h This analy­
sis is disappointing for two reasons. Firstly the above equation is not statistically sig­
nificant, at a significance level of p < 0.05 r^  is 0.385 and the probability was 0.0557. 
Secondly, because of the negative y-intercept, application of this equation to the Jersey 
catchments does produce negative values of discharge for certain catchments. Re­
analysis with the intercept constrained to at zero does produce more promising results. 
Again the significance level was p < 0.05, this analysis produced a statistically signifi­
cant, if weak, relationship (r^  is 0.687, and the probability is 0.0016):
Q =  0.353 Dd
Equation 8.4
Application of this, second, relationship to the Jersey catchments does produce 
some interesting data as the summary data shown in Table 8.5.3-A indicates:
Catchment Discharge /  rr^ s'^ Discharge per unit area /  nJs'  ^km^
Mean 1.29 1.38
SD 0.41 1.59
Variance 0.16 2.52
Kurtosis -0.83 3.50
Skewness -0.26 1.88
Mode N /A N /A
Median 1.30 0.96
M in 0.53 0.09
Max 1.90 6.20
Range 1.37 6.11
25 th Percentile 0.97 0.26
75 th Percentile 1.64 1.65
Table 8.5.3-A; Discharge estimates produced using Trainer’s (1969) data.
Unfortunately, although these data appear reasonable, they are rather high. For 
example, the mean discharge per unit area of 1.38 m^ s'^  km'^, is far too high to be 
valid, and the same applies to the peak value of 6.20 m^ s'^  km'^. Such values are too 
high for the Jersey catchments, the mean discharge per unit area value being some 46 
times larger than the comparable Alaskan value. Flence it is concluded that these values 
can not be taken forward for further analysis.
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8.5.4 Cheetham (1980)
Cheetham (1980) re-formulated the Carlston (1965) relationship, with a con­
version to metric units, a recalculation of the regression relationship (using least 
squares) and abandoning the Jacob watertable model, and hence the use of a gradient of 
2. This gives the new relationship of:
Q  2.23 = 0.063 Dd
Equation 8.5
Where Q2.23 Is the discharge of the mean annual flood, with a recurrence interval 
of 2.23 years, in m^ s'% and Dd is drainage density, in km km'^. As this is based on data 
of Carlston (1963) this relationship is entirely empirical. The application of Equation
8.5 produces the discharge estimates shown in Table 8.5.4-A and associated summary 
statistics in Table 8.5.4-B.
Catchment Catchment 
Discharge /  nJ s''
Catchment Discharge 
Per Unit Area 
/  nJ s'' km'^
St. Peter 7.95 0.91
Trinity 5.19 0.50
St. Lawrence 3.41 0.53
Grouville 2.48 0.25
Les Quennevais 2.29 0.70
La Vallée des Vaux 2.09 0.50
La Val de la Mare 1.96 0.34
St. John 1.91 0.48
Le Vaux des Lécq 1.57 0.45
Rozel 1.56 0.49
St. Nicholas 1.27 0.91
La Grande Cueillette 1.03 0.88
St. Ouen 0.91 0.45
La Vaux de Rozel 0.68 0.64
St. Saviour 0.56 0.19
La Fosse 0.48 0.76
Boulay 0.45 0.53
Le Petit Port 0.43 0.81
La Vallée des Mouriers 0.39 0.12
Le Coupés 0.31 0.56
La Bas Rozel 0.22 0.73
La Cocagne 0.20 0.74
St. Brelade 0.17 0.30
Bonne Nuit 0.15 0.25
Faldouet 0.14 0.27
La Rochque Onvoy 0.05 0.12
Table 8.5.4-A: Catchment discharge estimated developed using the 
Cheetham (1980) relationship.
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Catchment Discharge ! nf s'' Discharge per unit area /  nJs'' km'^
Mean 1.46 0.52
SD 1.79 0.24
Variance 3.21 0.06
Kurtosis 6.57 -0.98
Skewness 2.38 0.06
Mode N /A 0.91
Median 0.79 0.50
M in 0.05 0.12
Max 7.95 0.91
Range 7.90 0.79
25 th Percentile 0.33 0.31
75 th Percentile 1.95 0.72
Table 8.5.4-B: Discharge estimates produced using the Cheetham (1980) relationship 
These data maybe shown graphically in histograms; Figure 8.5.4-A and Figure
8.5.4-B:
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Figure 8.5.4-A: Histogram of Catchment Runoff estimated by the Cheetham (1980) relationship.
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Figure 8.5.4-B: Histogram of Cheetham (1980) Catchment Runoff per Unit Area 
The Cheetham relationship produces lower estimates of discharge than the 
Carlston (1963) relationship. Flowever, these are still much higher than the contempo-
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rary Alaskan discharge data, with the mean discharge per unit area value being some 18
times large than the comparable value for the Alaskan catchments (see Table 8.5.4-B),
which compares with values some 25-38 time larger produced by Carlston (1963) (see
Table 8.5.2-B). The Cheetham values still appear to be too large to have formed the
valleys.
8.5.5 Comparison Between Carlston (1963) and Cheetham (1980)
Cheetham’s (1980) relationship is formed from a re-analysis o f the data from 
Carlston (1963). Therefore one would expect that when these are applied to the Jersey 
data, that they would produce similar discharge estimates. Visual examination of the 
data in sections 8.5.1 and 8.5.4, and shown in Table 8.5.4-C suggests this to be correct. 
However, a more detailed comparison using A N O V A  shows that there is a statisti­
cally significant difference between the two sets of results at a significance level of p < 
0.05. Firstly comparing the data on catchment discharge, this gives a significant F-test 
result of 3.4 (p is 0.0002). Secondly, looking at the differences between discharge per 
unit area, again this shows significant differences between Carlston and Cheetham. The 
F-test result of this is 11.1 and probability of this occurring by chance is 0.0017.
Catchment Carlston (1963), Mean Annual 
Flood Discharge InJs''
Cheetham (1980) Mean Annual Flood 
Discharge /  rrl s''
St. Peter 7.13 7.95
Trinity 3.33 5.19
St. Lawrence 3.59 3.41
Grouville 1.41 2.48
Les Quennevais 5.14 2.29
La Vallée des Vaux 3.33 2.09
La Val de la Mare 2.04 1.96
St. John 3.19 1.91
Le Vaux des Lécq 2.94 1.57
Rozel 3.26 1.56
St. Nicholas 7.13 1.27
La Grande Cueillette 6.84 1.03
St. Ouen 2.91 0.91
La Vaux de Rozel 4.55 0.68
St. Saviour 0.99 0.56
La Fosse 5.67 0.48
Boulay 3.59 0.45
Le Petit Port 6.08 0.43
La Vallée des Mouriers 0.55 0.39
Le Coupés 3.82 0.31
La Bas Rozel 5.39 0.22
La Cocagne 5.55 0.20
St. Brelade 1.80 0.17
Bonne Nuit 1.38 0.15
Faldouet 1.50 0.14
La Rochque Onvoy 0.61 0.05
Table 8.5.4-C: Discharge estimates produced using the Carlston (1963) and Cheetham (1980)
relationships.
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This simple analysis shows that there are significant differences between the
discharge estimates produced by the two methods. This confirms that the Cheetham 
re-analysis is of value, and not simply a reinterpretation of existing data, given the 
more rigorous analysis of, and the abandonment of the potentially invalid Jacob wa­
tertable model. Unfortunately both methods produce discharge estimates that would 
appear to be far too large to have occurred under a periglacial climate, at least in com­
parison to the Alaskan data.
8.6 Alternative Methods
8.6.1 Introduction
This section will attempt to broaden the range of approaches used to calculate 
valley forming discharge from morphometric data other than drainage density. A re­
view of the literature (section 4.4) suggests that there are no published relationships be­
tween catchment morphometry and stream discharge for periglacial or permafrost 
catchments. Because of this it was decided to widen the range of approaches used and 
utilise as many morphometric relationships as possible. This will mean using ap­
proaches developed for environments that are clearly not periglacial. In using these re­
lationships it is possible, and indeed likely, that erroneous discharge estimates may be 
produced. This is an inevitable consequence of using relationships from a different envi­
ronment. However, this approach has value as it will grant some insight into the possi­
ble range of discharge values that might have formed the Jersey valleys. For the present 
the sole aim in using relationships from as wide a selection o f environments is to gain 
as many estimates of valley forming discharges as possible. These values will then be 
reviewed and those methods deemed inappropriate will be rejected.
A second issue in the use of this wide range of approaches must also be ad­
dressed, namely whether such an approach is statistically valid. A great many of the 
following methods utilise data from catchments that are much larger than Jersey. So 
the question arises, is it statistically valid to apply relationships to catchments below 
the range of areas used to develop those relationships? The answer to this is that such an 
application is not strictly valid and relationships should not be extended beyond the 
range of data used to develop them. Also, if  the relationships are not statistically sig­
nificant, then such an application is not possible either. However, it is repeated that the 
sole aim of this section is to gain an insight into the range of discharge values possible, 
that values will be interpreted in the light of the statisitical limitations relevant to
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their derivations, and that later selection will determine which values are more likely
to be correct than others.
8.6.2 Jarvis (1936)
8.6.2.1 Introduction
Jarvis (1936) reviews a range of equations that estimate catchment discharge 
from various morphometric parameters. The majority of these equations appear to be 
the results of regression type analysis between stream discharge and a morphometric 
parameter, and are lim ited to a particular geographical region. Note that Jarvis does 
not discuss the accuracy of these methods or the strength of the estimates of discharge 
these produce. Given that these equations were developed for particular region, it is 
likely that any equation will not produce accurate results when applied to Jersey. This 
said, these methods will be applied to Jersey, to determine whether any produce rea­
sonable results.
8.6.2.2 The Kuichling Approach
This uses data from India, and again caution must be exercised for application 
to Jersey. Jarvis states that several equations were produced by Kuichling, but only 
quotes two. These are: \
For ‘frequent’ floods:
For ‘rare’ floods:
M + 170
q = i ^  + 7.4
M + 370
Equation 8.6
Equation 8.7
Where q is flood discharge in cubic fe e t per second per square mile, and M is 
catchment area in square miles. These equations where applied to the Jersey data and the 
resultant estimates of discharge were converted back into metric units. This produced 
some very high estimates for discharge, the summary statistics for these are shown in 
Table 8.6.2-A.
Quick examination of these data shows that the estimates of discharge are far 
too high, even allowing for extreme spring snow melt flood discharges. A runoff per 
unit area value of over 20 m^s'^km'^ is impossible. Assuming a linear relationship with 
basin area, which is what the relationship essentially is, this would result in a 100 km^ 
catchment producing a discharge of 2000 m s'^, this is simply too high to be reasona-
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Kuichling 
(Frequent) /  nJs''
Kuichling (Frequent) per 
unit area /  nJs'' km'^
Kuichling 
(Rare) /  nJs''
Kuichling (Rare) per 
unit area /  nJs'' km'^
Mean 20.33 21.18 25.64 26.66
SD 0.13 20.89 0.08 26.28
Variance 0.02 436.58 0.01 690.46
Kurtosis 0.86 0.78 0.89 0.78
Skewness -1.31 1.19 -1.32 1.19
Median 20.38 12.35 25.67 15.56
M in 20.01 1.91 25.45 2.44
Max 20.44 75.70 25.71 95.23
Range 0.43 73.79 0.26 92.80
25th Percentile 20.29 5.30 25.62 6.70
75 th Percentile 20.43 36.01 25.70 45.32
Table 8.6.2-A; Kuichling estimates for Jersey catchment discharge 
bly expected. These data will not be taken any further.
8.62.3 The Craig Formula
This is also cited by Jarvis, who in tum refers to it as a quote from Kuichling. 
The Craig formula is classified as a relationship involving catchment length and width, 
and was apparently the first such relationship. Little detail is given as to how the Craig 
formula was derived, other than it was taken from Indian records. Again, it is probably 
not an ideal suited relationship for application to Jersey, however it was decided to 
apply the Craig formula in order to determine what discharge estimates it would pro­
duce. The Craig formula is:
81 ^
Q = 440nB(log,— ) 
B
Equation 8,8
Where L is the length of the basin, in miles, B is the average width of die basin, 
also in miles, and n is a number which ranges ‘between less an 1 and more than 2, de­
pending on rainfall and topography’. Without any guidance on suitable values of n, ex­
perimental values of 0.1 and 2.5 were inserted into the equation, together with the rele­
vant data for the Jersey catchments. Table 8.6.2-B shows .the summary statistics for the 
data produced by this relationship.
Again, the data produced by this relationship are far too large. The above data 
shows that the minimum estimate of mean discharge per unit area is 1.1 m^ s'  ^km '\ this 
is just too high. Such a value is improbable, especially given that this is for the mini­
mum value of n, is casts doubt on the viability of this method in application to the Jer­
sey catchments. Hence, data produced by the Craig formula will not be taken any fur­
ther.
Andrew Wright, PhD Thesis, Roehampton Institute London, June 1997
Page 279
The Palaeohydrology o f Jersey, Chapter 8, Hypothesis Testing and Modification
n = 0.1 Discharge 
Estimate /  nJs''
n = 0.1 Discharge 
Estimate per unit 
area /  nJs'' krri^
n = 2.5 Discharge 
Estimate /  rds''
n = 2.5 Discharge 
Estimate per unit 
area /  nJs'' krri^
Mean 2.28 1.11 57.04 27.87
SD 1.79 0.49 44.86 12.16
Variance 3.22 0.24 2012.58 147.82
Kurtosis 0.50 -0.19 0.50 -0.19
Skewness 1.17 0.79 1.17 0.79
Median 1.83 1.06 45.80 26.57
M in 0.52 0.49 13.11 12.33
Max 6.84 2.20 170.94 54.91
Range 6.31 1.70 157.83 42.59
25 th Percentile 0.84 0.71 21.03 17.74
75 th Percentile 2.77 1.45 69.19 36.31
Table 8.6.2-B: Discharge estimates using the Craig formula
8.6.2A  The Dredge Formula
This is another relationship based on Indian records, the equation is;
MQ = 1300 L2/3
Equation 8.9
Where Q is discharge in cubic feet per second, M is area in square miles, and L 
is catchment length in mile. Application to the Jersey data and conversion into S I units 
produces the following summary statistics shown in Table 8.6.2-C.
Dredge formula 
catchment discharge /  n^s''
Dredge formula discharge 
per unit area ! vJs'' km'^
Mean 25.50 12.90
SD 18.74 5.68
Variance 351.08 32.28
Kurtosis 0.73 -1.42
Skewness 1.14 0.47
Mode N /A 20.20
Median 17.62 11.04
M in 4.76 5.86
Max 72.11 23.03
Range 67.35 17.18
25th Percentile 11.60 8.52
75 th Percentile 33.80 19.20
Table 8.6.2-C: Discharge estimates using the Dredge formula 
Once more, it appears that this method produces extremely large estimates of 
catchment discharge. Indeed, it appears that these values are far too high to be valid, 
and therefore these data will not be taken any further. Note that Jarvis includes several 
other methods of estimating discharge, these including several involving a rainfall ex­
pression. Without accurate data on Jersey palaeo-precipitation, and given the poor es­
timates of discharge produced by the above methods, it was decided that application
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of such methods would be unwise. Likewise Jarvis refers to several methods of estimat­
ing discharge based on flood frequencies. Again, without data to ‘drive’ such relation­
ships, it would be impossible to apply these to Jersey.
8.6.3 Snyder (1938)
Snyder (1938) proposed a method for the estimation of stream discharge based 
on synthetic unit graphs. A unit graph basically, is “the discharge graph o f one inch o f sur­
face runoff from a given area for a typical or specified type o f  storm o f  some unit o f  dura­
tion. ’’(p.p. 447). In order to produce a unit graph continuous measurements of discharge 
are necessary. This method is applied by Kane and Carlson (1973), who produced a 
predictive equation for stream discharge. This is:
f
Q = 640 CpA
V 1^ y
Equation 8.10
Where Q  is peak flow in cubic feet per second, Cp is a coefficient accounting 
for flood wave storage conditions, ranging between 0.4 and 0.8, A is watershed area in 
square miles, and t, is the lag time between the centroid of unit rainfall excess to the 
peak of the unit hydrograph, in hours, q clearly is not measurable for Jersey, however, 
Kane and Carlson give a second equation to estimate this;
h = C ^ L L ^ ) " '
Equation 8.11
Here Cp is another coefficient, this allows for the variation in channel slope and 
storage, and ranges between 1.8 and 2.2, L is the length of the main stream channel 
(defined elsewhere), in miles, and is the length of the main stream channel to a point 
opposite the watershed centroid, in miles. For Jersey this was found by extending the 
main stream (used for L) through the zero order streams to the watershed. Through the 
use of Kane and Carlson’s (1973) parameters, estimation of the Jersey discharge is pos­
sible. This looked at the extremes of possible discharges, so the minimum discharge 
estimate used Cp = 0.4 and q = 2.2, whilst the maximum estimate of discharge used Cp 
= 0.8 and t, = 1.8. This produces the following summary statistics shown in Table
8.6.3-A.
The discharges produced by this method are large, indeed, these are too large 
to be considered feasible, with the mean values of discharge per unit area being 111 
(minimum estimate) and 272 (maximum estimate) times larger than the Alaskan data. 
Hence, unfortunately, it is not possible to take these data forward for more detailed 
analyses.
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Minimum Minimum Estimate of Maximum 
Estimate o f Peak Peak Discharge per unit Estimate o f Peak 
Discharge /  nJs'  ^ area /  n7s'‘ krtd Discharge /  '
Maximum Estimate o f  
Peak Discharge per unit 
area /  nJs'  ^knJ
Mean 6.18 334 15.10 8.15
SD 4.29 1.67 10.50 4.09
Variance 18.44 2.80 110.18 16.71
Kurtosiî 0.70 0.02 0.70 0.02
Skewness 1.18 0.75 1.18 0.75
Median 4^3 274 11.81 6.70
M in 1.30 1.23 3.18 3.01
Max 16.30 7.69 39.85 18.80
Range 15.00 646 36.67 15.79
25th Percentile 2.98 1.99 7.28 4.87
75 th Percentile 7.87 4.71 19.23 11.52
Table 8.6.3-A: Summary statistics for Snyder (1938) methodology.
8.6.4 Dury (1976)
The ‘Dury’ approach to palaeohydrology is based on the analysis of ‘underfit 
streams. Dury (I960, 1964a and b, 1976), hypothesised that the meandering valley was 
formed when the valley as a whole was occupied by a river, hence the valley meanders 
are formed as river meanders. An underfit steam occurs where a meandering stream 
flows through a meandering valley, but the two sets of meanders are not related. Dury 
suggested that such a situation was caused by a decrease in river discharge, and hence 
meander wavelength, so the valley meanders are in fact palaeo river meanders.
From this approach it is possible to estimate the palaeodischarge, provided the 
contemporary river discharge is known. The methodology used is based on hydraulic 
geometry, as Dury (I960, 1976) discusses, suggesting a range of relationships between 
various hydraulic parameters. For example between slope and discharge, channel width 
and discharge and hence between channel slope and width. Knowing these relationships 
for contemporary rivers, it is assumed that these can be applied to palaeo systems. I f  
valley meanders are assumed to represent palaeo river meanders, then it is possible to 
estimate the palaeo discharge that formed these meanders. Dury (1976, pp 242) pro­
poses the following equation to estimate the palaeodischarge:
Q
Rearranging this gives:
Equation 8.12
Q = q
1.81
Equation 8.13
Where Q  is palaeodischarge and-q contemporary bankfull discharge, both in
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m^ s'% L is valley or palaeo meander wavelength and 1 is stream meander wavelength,
both are in km.
Calculation of stream meander wavelength ideally should involve field meas­
urement of stream length, following the course of the stream in question. However this 
was not possible for this study, and a precise opisometer measurement was take in the 
place of field measurement. The stream studied was the fourth order stream in the 
Trinity catchment. The stream length was defined as being from the start of this 
stream, i.e. where two third order streams meet to form the fourth order stream, to the 
Jersey New Water Works Company’s gauge. Valley length was measured along the 
stream course using a pair of dividers with separation of 10 mm. This separation was 
sufficiently coarse to ‘overstep’ the finer meanders and measure the length of the valley 
as a whole. Essentially this a ‘smoothed’ measurement of stream length. Finally the 
straight line distance between these two points was measured. This is shown in Figure
8.6.4-A. To explain Figure 8.6.4-A, ‘A ’ gives the straight line distance between the 
start and end of the stream being studied, with the broken line being the stream course. 
‘B’ is the course of the valley, traced using 10 mm dividers to ‘smooth’ the stream
— I m
Figure 8.6.4-A Diagram to show the actual stream length, valley length and straight line distance for
the Trinity catchment.
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course. Finally ‘C ’ is the stream course itself. From this the valley meander wavelength
could be calculated from Equation 8.13.
Valley LengthValley Meander Wavelength =
Number of Meanders
Equation 8.14
I t  was estimated, by eye, that the valley shown in ‘A ’ contains 2.5 meanders. 
This gives a valley meander wavelength of 400 m. Valley length is shown in Figure
8.6.4-A, ‘B’. This used dividers to ‘smooth’ the stream course, and give an impression 
of the general valley form rather than the stream course. Knowing the number of divider 
steps recorded, and the step length valley length could be calculated. Finally, ‘C ’ 
shows the actual stream course. By superimposing ‘B’ and ‘C’ the number of stream me­
anders could be determined. Stream meander wavelength could be calculated from 
Equation 8.15:
Stream LengthStream Meander Wavelength =
Number of Meanders
Equation 8.15
Given that there are 33 stream meanders, this gives a stream meander wave­
length of 56 m. Applying the Dury methodology, estimated palaeodischarge was 2.50 
m s^'  ^ or 0.37 m s^'  ^km'h This compares to a peak discharge for the period of 1991- 
1996 of 0.635 m^ s'^  or 0.093 m s^'  ^km'h So this would equate to an decease in stream 
discharge in the order of 4 times following valley formation.
Given the value of contemporary catchment discharge it is possible to crudely 
estimate the palaeodischarges for the other Jersey catchments. This first required a 
value of contemporary discharge to be known. This was estimated from the Trinity 
data, by first calculating the mean discharge value for the Trinity gauged record, which 
was then converted into an estimate of discharge per unit area. Given the small size of 
Jersey, and the apparent similarities of the other catchments it was decided that it 
would be possible to apply the Trinity value of mean discharge per unit area to the 
other catchments. Note that this is an approximation. However given the small size of 
Jersey this is acceptable, albeit as an estimation. With this value of nmoff per unit area, 
it is then possible to apply the Dury approach to the other catchments, once valley and 
stream meander wavelength are calculated. This produces the data shown in Table
8.6.4-A and B.
Generally, this approach appears to. produce a rather low estimate of catchment
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Stream Stream Meander 
Wavelenyth /  km
Valley Meander Estimated Estimated Palaeodischarge 
Wavelen^h /  km Palaeodischary^e /  nJs'  ^ per unit area /  nJs'  ^km^
LSI 272 439 0.05 0.02
G T2 157 707 0.27 0.16
A PFl 113 604 0.33 0.22
PFl 183 701 0.18 0.12
V T l 145 416 0.09 0.07
SSI 193 434 0.04 0.05
JT l 146 439 0.07 0.08
LeSl 232 926 0.10 0.13
MSI 102 1880 1.53 2.04
OSl 98 1075 0.57 0.80
Q T l 203 405 0.02 0.04
N T l 209 628 0.03 0.08
BoSl 163 1300 0.17 0.45
Vm Tl 415 2488 0.09 0.27
R T l 125 333 0.02 0.06
PpSl 121 483 0.04 0.13
RvTl 202 202 0.00 0.01
GcSl 147 806 0.06 0.23
FoSl 104 522 0.04 0.19
FSl 127 510 0.02 0.13
RoSl 133 1327 0.06 0.67
CoSl 178 2132 0.06 0.93
RbSl 100 800 0.01 0.45
Table 8.6.4-A: Catchment discharge estimates produced using the Dury (1976) method 
discharge, certainly when compared to some of the other methods discussed above. Ini­
tially it was thought that this might be a result of inaccurate estimation o f the number 
of stream and valley meanders. This does not appear to be the case. When the number 
of meanders of either type is changed, a small change in discharge is produced. It 
would appear, therefore, that the approach is weakened by the crudity of applying the 
Trinity discharge estimate to the other catchments. Certainly when the estimate of con-
Stream Meander Valley Meander Estimated Palaeodis- Estimated Palaeodis- 
Wavelength /  km Wavelength /  km charge /  nJs'  ^ charge per unit area /  nJs'^
krri^
Mean 170.40 850.33 0.16 0.29
SD 70.18 602.08 0.32 0.44
Variance 4925.80 362503.74 0.10 0.20
Kurtosis 5.44 1.81 16.00 10.02
Skewness 1.95 1.56 3.82 2.93
Median 151.84 628.00 0.06 0.13
M in 97.74 202.20 0.00 0.00
Max 414.67 2488.00 1.53 2.04
Range 316.93 2285.80 1.53 2.04
25th Percentile 123.74 439.09 0.03 0.06
75th Percentile 202.31 1000.65 0.12 0.27
Table 8.6.4-B: Summary statistics on catchment discharge estimates produced using the Dury (1976)
method
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temporary catchment discharge is varied, large differences result in the estimate of pa­
laeodischarge. However, given that there is no other means of estimating contemporary 
discharge, this estimate will have to suffice. This does lead to the apparently low es­
timates of catchment discharge. Hence it is felt that whilst the Dury (1976) approach 
does lead to a reasonable discharge estimate for Trinity it does not for the other 
catchments. Furthermore, it is worth examining the validity of the Trinity estimate in 
some detail.
Certainly in comparison to the other methods applied to Jersey, the Dury 
(1976) approach for Trinity appears reasonable, possibly producing a slightly low es­
timate. However, there is a fair degree o f agreement with the Cheetham (1980) esti­
mates (catchment discharge is 5.19 m^ s'^  whilst runoff per unit area is 0.50 m^s''). 
Overall the Dury approach gives an estimate of discharge for the Trinity catchment 
that is around half the estimate given by the Cheetham approach. Comparing with the 
Alaskan data is certainly the best means of determining how well these estimates com­
pare to contemporary periglacial catchments. For the Trinity catchment, estimated 
palaeo discharge per unit area is between 1.4 and 12 times greater than the Alaskan 
data, and for all the Jersey catchments, the mean discharge per unit area value is be­
tween 1.1 and 9.7 times larger than the Alaskan catchments. This would suggest that the 
Dury method actually estimates discharge values. However, the degree of over es­
timation is considerable less that some of the other methods, hence the Dury (1976) 
approach appears to produce a low estimate of discharge.
I t is wise to note some of the potential problems with the Dury (1976) ap­
proach. Because Equation 8.12 contains two unknowns, palaeodischarge and the expo­
nent, Dury relied upon hydraulic geometry to estimate palaeodischarge from palaeo 
meander wavelength. Once an estimate of palaeodischarge was available, estimation of 
the exponent was possible. Therefore examination of the hydraulic geometry used to 
produce the meander wavelength-discharge relationship is necessary. This approach ap­
pears to be sound, using a series of regression relationships between a range of hydraulic 
parameters. These include data on channel width and slope, meander wavelength, and 
discharge. From these relationships Dury was able to formulate the palaeomeander 
wavelength-discharge relationship. All these relationships use published data and ap­
pear to be statistically significant. Hence it can be concluded that the relationships are 
as valid as any regression relationship.
Dury et al (1977) also publishes a simple meander wavelength-discharge rela-
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tionship (Dury e t al 1977, pp 287):
Q  = (L/32.857)'-''
Equation 8.16
Where Q  is estimated discharge in m^s'\ and L is meander wavelength in m. 
Application of this relationship to the Trinity palaeomeanders produces a discharge 
estimate of 96 m^s'h This is an order of magnitude higher than the estimate given by 
Equation 8.13. As a test of the applicability of this method, it was tested on the con­
temporary data. This produced a discharge estimate of 0.99 m^s'h This compares with 
the mean discharge given by the gauging station of 0.07 m^s'h Both of these compari­
sons produce estimates around 13 times higher than either the actual contemporary hy­
drological data or Equation 8.12. This does rather weaken the whole Dury approach, 
given that it is built on the foundations of this kind of hydraulic geometry. Addition­
ally, it is possible that this high estimate is the result of not using field surveyed data 
on meander wavelength. Because of this it was decided that the Dury et al (1977) ap­
proach should be taken no further. However, the lower estimates produced by the Dury 
(1976) approach do merit further consideration.
8.6.5 Riggs (1964)
In common with other methods discussed in this section, Riggs (1964) devel­
ops an equation to estimate discharge of catchments in Virginia. Again it is repeated 
that this is not a periglacial relationship however application of this relationship is of 
value in order to gain an insight into possible discharge values. The equation given is;
log CL = 0.356 + 0.956 log A - 0.0052 L
Equation 8.17
Where CL is mean discharge in cubic feet per second, A is drainage area in 
square miles and L is latitude in minutes north of 38°N latitude. The inclusion of the 
latitude term is interesting, and is probably the only example of the inclusion of a 
global location term in a discharge estimation equation. The locational term could be 
used as a surrogate for a climatic description. However, this would require the use o f a 
series of expressions to relate climatic parameters to latitude (and longitude). I t ap­
pears that Riggs d id  not attempt this, and latitude was used as a ‘black box’ to 
strengthen the regression relationship. As such, application of this relationship to other 
locations may not be valid. Firstly, the latitude term is for local distance from 38°N, 
rather than from 0°N, so before this relationship could be applied elsewhere, it would 
be necessary to convert the latitude from relative (local) values to absolute (global) 
values. Furthermore, for Jersey, it is questionable what value of latitude should be used.
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Should the latitude of Jersey be used, or the latitude of the contemporary periglacial
zone, which reflects the climatic regime when the valleys were formed? The latter
seems to be the better option, but before this could be attempted, a relationship would
need to be available for application. Such a relationship does not seem to exist, and
until one is found, this line of analysis can not be taken any further.
8.6.6 Gray (1961 & 1964)
Gray (1961 and 1964) studied the interrelationships between morphometric 
parameters. Gray suggests strong correlations between drainage area, main stream 
length and length to the centre of the area (for small basins). Gray (1964) studies the 
influence of various geomorphic parameters on runoff, these include area, length and 
slope of the main stream, general land slope, channel geometry, and also the time dis­
tribution of runoff. The time distribution of runoff (i.e. the hydrograph) is said to be 
dependent on both the catchment characteristics and the storm characteristics. Gray re­
views the use of Sherman’s (1932) unit graph approach, together with a range of other 
methods of discharge estimation.
Unfortunately none of these methods can be readily applied to the Jersey 
catchments. All of the techniques that Gray (1964) suggests require information that is 
not available for the Jersey catchments. These are either data on precipitation events or 
temporal measures, for example lag times. Whilst it would be possible to estimate 
these, such a solution would create far too many unknowns for any degree of confidence 
to be associated to the data. This is not to dismiss these techniques completely, but 
until suitable data on these unknowns are found, or methods to generate such data, these 
techniques can not be applied.
8.6.7 Nash and Shaw (1966)
This comprehensive investigation of flood frequency in British catchments and 
the relationship between morphometry and discharge produces two predictive equa­
tions. These relate discharge to catchment slope, and discharge to catchment slope and 
mean annual rainfall. Note that these equations were developed from British catch­
ments, and hence their application to the Jersey valleys may not be completely valid. 
The equation given by Nash and Shaw that can most readily be applied to the Jersey 
valleys is:
Qg^ = 0 .074A '"'S
Equation 8.18
(From Nash and Shaw, 1966, pp'120, equation 7). Where is maximum
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discharge expected in a year, in cubic feet per second, A is catchment area in square
miles and S is catchment slope in parts per 10 000 (for Jersey, the mean of all stream
gradients was used). Application of the above equation to the Jersey valleys, give the
following summary statistics shown in Table 8.6.7-A.
Catchment discharge /  nJs'^ Discharge per Unit Area rrJs'^  krri^
Mean 0.02 0.01
SD 0.01 0.01
Variance 0.00 0.00
Kurtosis 0.44 2.32
Skewness 1.12 1.40
Median 0.01 0.01
M in 0.00 0.00
Max 0.04 0.03
Range 0.04 0.02
25th Percentile 0.01 0.01
75th Percentile 0.02 0.01
Table 8.6.7-A: Summary statistics on discharge estimates produced using Nash and Shaw, Eq 7.
Considering the apparent simplicity of this equation, and its origin in data
from British catchments, it is perhaps surprising that the above results appear reason­
able, in comparison to the Alaskan data. Mean discharge per unit area is 27 times lower 
than the comparable Alaskan value. Regardless of this, these data are quite feasible, and 
will be taken forward for further analysis as they represent a ‘lower boundary’ to dis­
charge estimates.
Nash and Shaw produce a second predictive equation, that uses mean annual 
rainfall rather than catchment slope. This is:
Qgm = 0.009 A° ®5 R^
Equation 8.19
(From Nash and Shaw, 1966, pp 120, equation 5). Again is maximum 
discharge expected in a year, in cubic feet per second, A is catchment area in square 
miles and R is mean annual rainfall in inches. For Jersey, the precipitation estimates of 
Chaline and Brochet (1986) from palaeo flora and fauna from La Cotte de St. Brelade 
were used. Chaline and Brochet suggest that for the Saalian (= Wolstonian) glacial, pre­
cipitation estimates are as follows: Between November and June monthly rainfall was 
between 15 and 35 mm, between July and October this is between 25 and 50 mm. This 
means that for the year as a whole, the minimum precipitation is 220 mm, maximum 
precipitation is 480 mm, and the mean of these is 350 mm. Application of these three 
values (after conversion to inches) to Nash and Shaw’s equation 5 gives the summary 
statistics shown in Table 8.6.7-B.
All three of these show data that are extremely high. Although the R = 220 mm
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R  = 220 mm 
discharge /  nfs'
R  = 220 mm 
discharge per 
unit area /  
nfs'^ krri^
R = 3 5 0  mm 
discharge /  
rds-'
R  = 350 mm 
discharge per 
unit area /  
n f s'^  ktri^
R = 480 mm 
discharge /  
rrJs'^
R = 480 mm 
discharge per 
unit area /  
n f s'^  km'^
Mean 5.07 2.02 14.07 5.61 211.60 84.41
SD 4.55 0.34 12.65 0.95 190.19 14.35
Variance 20.73 0.12 159.92 0.91 36173.51 205.93
Kurtosis 0.42 -1.32 0.42 -1.32 0.42 -1.32
Skewness 1.15 0.14 1.15 0.14 1.15 0.14
Median 3.39 1.99 9.41 5.53 141.52 83.20
M in 0.71 1.51 1.96 4.20 29.54 63.23
Max 15.82 2.62 43.93 7.27 660.71 109.41
Range 15.11 1.11 41.97 3.07 631.17 46.18
25th %-ile 1.33 1.76 3.69 4.89 55.54 73.50
7 5 th %-ile 6.75 2.34 18.74 6.51 281.91 97.88
Table 8.6.7-B: Summary statistics on discharge estimates produced using Nash and Shaw, equation 5- 
data are the lowest of the three, even these are too high to be completely reliable. This 
is unfortunate, but not wholly unexpected. Remember that this equation was derived 
from data on British, not periglacial catchments. Furthermore the estimate of precipi­
tation given by Chaline and Brochet (1986) may not be entirely accurate. These two 
potential sources of error lead to vast discharge estimates being produced. Because of 
this, the estimates produced by equation 5 will not be taken forward for further analy­
sis, although the estimates produced by equation 7 will be.
8.6.8 Rodda (1969)
8.6.8.1 Introduction
Rodda (1969) develops three power relationships to predict catchment dis­
charge for British catchments. These include a discharge-area relationship, together 
with equations involving area, a precipitation term and drainage density. These equa­
tions will be discussed in greater detail below, in sections 0 to 8.6.8.5. Before these are 
applied to the Jersey data, a new relationship based on Rodda’ data will be developed.
8.6.8.2 The New Relationship
It is possible to develop from raw data presented by Rodda a British drainage 
density-discharge relationship, similar to that of Carls ton (1963). Firstly this analysis 
uses simple regression the relationship between the two was found. This is:
Q2.33 “  254 .8D j +  66.8
Equation 8.20
Where Q 2.23 is the discharge of the mean annual flood in m^s'\ and Dj is drain­
age density in km km'^
Note that this relationship is not statistically significant, with a probability of
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0.067(significance level is p < 0.05), and a d  value of 0.13. To determine whether this
relationship could be improved upon, the regression analysis was repeated, but with the 
constant that the y intercept should equal zero. This d id  give a much improved rela­
tionship:
Q2.23 “  274 .79  D j
Equation 8.21
Here p is < 0.0001, and r^  is 0.508. This indicates that although this relation­
ship is weak it is statistically significant (p < 0.05), and is suitable for use in discharge 
estimation. However before this was attempted, a second order polynomial regression 
was conducted. This was attempted as a means of determining whether the relationship 
between drainage density and discharge as non-linear, and if this was the case, whether a 
stronger relationship could be found. The polynomial regression produces a weaker re­
lationship:
Q 2.23 = -24.17 D / + 403.30 Dj -102.03
Equation 8.22
This relationship is not statistically significant (significance level is p < 0.05), 
p is 0.1852, and r^  is 0.136. As this relationship was weaker than the simple linear re­
gression, it was decided not to continue this line of analysis by using a third order 
polynomial. However, given that the simple linear relationship improved with the re­
moval of the y-intercept from the equation, it was decided to repeat this for the second 
order polynomial. This gives:
0,^3 = 335.31 o a - 16.17 0 /
Equation 8.23
Although this relationship is stronger (p = 0.002, r^  = 0.51), it is still not as 
strong as the linear regression without the y-intercept. This means that the strongest re­
lationship between drainage density and discharge is also the simplest:
0.2.23 = 274.79 Dj
Equation 8.24
As this relationship, though weak, is statistically significant (at a significance 
level of p < 0.05), it can be applied to the Jersey catchments. Such application produces 
the summary statistics shown in Table 8.6.8-A.
Examination of these data shows just how weak this relationship is. This esti­
mates mean discharge per unit area as over 1000 m^ s'^  km'h Such results are simply not 
possible. Given the weakness of these data, the use of this equation will not be taken any 
further. Rather, the three main equations produced by Rodda will be focused on.
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Estimated Discharge /  nJ s'' Estimated discharge per unit area /  rrJ s'' km'^
Mean 1002.35 1076.30
SD 316.22 1236.01
Variance 99994.76 1527718.03
Kurtosis -0.83 3.50
Skewness -0.26 1.88
Mode 1475.62 N /A
Median 1008.48 745.75
M in 409.44 66.61
Max 1475.62 4824.09
Range 1066.19 4757.48
25 th Percentile 753.61 198.95
75th Percentile 1275.71 1283.82
Table 8.6.8-A; Discharge estimates using a drainage density-discharge relationship developed
from Rodda (1969)
8.6.8.3 Equation 1
This section will concentrate on the discharge-area relationship produced by 
Rodda. This is:
Log Q2.33 = 2.4 + 0.17 Log A
Equation 8.25
Where A is basin area in square miles and Q  is the discharge of the mean an­
nual flood in m^s'h The summary statistics for the discharge estimates produced by 
this equation are shown in Table 8.6.8-B:
Equation 1, Q , /  nJs'' Equation 1, Q, per unit area /  nJs'' km'^
Mean 260.31 226.52
SD 50.47 191.72
Variance 2547.65 36755.13
Kurtosis -1.21 0.10
Skewness 0.26 0.97
Median 256.01 154.21
M in 187.53 33.41
Max 349.13 694.56
Range 161.60 661.15
25th Percentile 212.76 76.92
75th Percentile 294.39 375.07
Table 8.6.8-B; Summary statistics for discharge estimates produced using Rodda (1969)
equation 1.
From these summary statistics it is quite clear that equation 1 produces ex­
tremely high estimates of discharge. The mean value of discharge per unit area of over 
200 ms is simply far too high to be even remotely feasible. A possible cause of these 
extreme values is the weakness of the relationship given by Rodda, with a E value of 
0.29. Because of these extremely high values, these data will not be taken any further.
8.68.4 Equation 2
With the second equation, Rodda introduces a new term into the equations, 
^ 2.23’ mean annual daily maximum rainfall (in inches). This represents the maxi­
mum amount of precipitation that could be expected to occur (on average) in one day
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in any given year. The use of this term introduces a new level of uncertainty to this
analysis. Rodda developed these equations using data from the British Isles, where the 
type and amount of precipitation is different to that of Devensian Jersey. The use of 
daily maximum precipitation also confuses matters, in Britain at present the maximum 
daily precipitation results from thunder storms which are probably unlikely in Jersey 
Devensian. I t is repeated that the precipitation regime experienced during the Jersey 
Devensian is probably quite different to that of the contemporary British Isles. Having 
said that, using the Rodda equations is still valid, as they provide an insight into ap­
proximate discharge values, which is all this section aims to do. Rodda’s equation 2 is:
LogQ2 23 = 1.16 + 0.64LogA + 4.44LogR2 23
Equation 8.26
This is a stronger relationship than equation 1, with a r value of 0.83. Before this 
equation could be used, it was necessary to generate values for R223 for Jersey. Here the 
only known data given on Jersey palaeoclimate is that of Chaline and Brochet (1986). 
This gives data on monthly rainfall, from which it is necessary to estimate mean 
maximum daily rainfall. Chaline and Brochet suggest that monthly rainfall between 
November and June varied between 15 and 35 mm, and from 25 to 50 mm between 
July and October. From this data it seemed reasonable to suggest mean maximum 
daily rainfall would be less than 2.5 mm (1 inch). Hence three values of R233 were used, 
0.3 inches (75 mm), 0.6 inches (150 mm) and 0.9 inches (2.25 mm). These three pre­
cipitation estimates produce the summary data in Table 8.6.8-C.
Equation 2,
R-2.23 ~ ^3,
Q2.23
Equation 2, R223 
= 0 .3 , Q2.23 
unit area /  rrJs'' 
krri^
Equation 2, Equation 2, Equation 
^ 2.23 -0 .6 , R2.23 =0.6, Q2.23 2  R2.23 ~ 
Q2.23 /  rrPs'' per unit area /  0.9, Q2.23 /  
nfs'' hn^ rrPs''"
Equation 2, R223
= 0.9, Q2.23P^ 
unit area /  nPs'' 
km'^
Mean 0.07 0.03 1.45 0.73 8.74 95.48
SD 0.05 0.01 1.01 0.29 6.11 93.99
Variance 0.00 0.00 1.02 0.09 37.34 8834.85
Kurtosiî -0.23 -1.12 -0.23 -1.12 -0.23 0.78
Skewnesî 0.87 0.39 0.87 . 0.39 0.87 1.19
Mode N /A N /A N /A N /A N /A N /A
Median 0.05 0.03 1.14 0.68 6.91 55.75
M in 0.02 0.02 0.35 0.35 2.13 8.80
Max 0.17 0.06 3.65 1.30 22.11 340.74
Range 0.15 0.04 3.30 0.95 19.98 331.94
25th Percentile 0.03 0.02 0.57 0.50 3.43 24.05
75th Percentile 0.09 0.05 1.92 1.00 11.64 162.20
Table 8.6.8-C; Summary statistics for discharge estimates produced using Rodda (1979) equation 2
These data shows some promise, especially for the data produced using R233 =
0.3. The other estimates of R223 produce discharge estimates that are far too high. O f
the three precipitation values, for equation 2, only those estimates produced using R223
= 0.3 inches will be used for further analysis, as this produces an identical discharge per
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unit area value as the Alaskan catchments. Which would suggest this approach is actually-
producing values similar to a periglacial environment, implying that there is some
value to this research.
8.6.8.5 Equation 3
The third equation given by Rodda (1969) is a further extension of equation 2, 
with the inclusion of a drainage density term. This equation is
LogQ2 23 = Logl.08 + 0.77LogA + 2.92LogR2 23 + 0.8 ILogD
Equation 8.27
Where D is drainage density, units miles miles' ,^ Rodda gives this an r value of 
0.90, indicating that this is the strongest of the three relationships suggested thus far. 
When applied to the Jersey data (again using three values for R^^, of 0.3, 0.6 and 0.9 
inches), the following summary statistics are produced (Table 8.6.8-D).
Equation 3, Equation 3, 
^ 2.23 -  0.3 , R2.23 ~ 0-3, Q2.23 
Q2.23 ! per unit area /  
rrJs’' km'^
Equation 3, Equation 3, R2.23 
2-2.23 =0.6, =0.6, (^ 2.23 
Q2.23 ! unit area /  rrPs'' 
krri^
Equation 3, 
2 2.23 ~ 0-9, 
Q2.23 /  o f s '
Equation 3, 
22.23 ~ 0.9, 
Q2.23 P ^  ^^i^ 
area /  nPs'' 
km'^
Mean 0.06 0.03 0.47 0.21 1.52 0.68
SD 0.05 0.01 0.41 0.08 1.34 0.27
Variance 0.00 0.00 0.17 0.01 1.79 0.07
Kurtosis 1.88 -0.56 1.88 -0.56 1.88 -0.56
Skewness 1.45 0.59 1.45 0.59 1.45 0.59
Median 0.04 0.02 0.33 0.19 1.09 0.61
Min 0.01 0.01 0.06 0.08 0.19 0.27
Max 0.22 0.05 1.64 0.38 5.37 1.24
Range 0.21 0.04 1.58 0.30 5.18 0.96
25th Percentile 0.02 0.02 0.16 0.16 0.52 0.51
75th Percentile 0.09 0.04 0.67 0.27 2.18 0.89
Table 8.6.8-D: Summary statistics for discharge estimates produced using Rodda (1979) equation 3 
Of these three data sets, it is only the data produced using R223 = 0.9 inches that 
produces reasonable estimate of discharge, but not discharge per unit area. Both of the 
R223 = 0.3 and 0.6 give discharges estimates that are far too low, whilst discharge per 
unit area values are in close agreement with Alaska (R223 = 0.3) or too high (R223 = 0.6). 
Again this is regrettable, but not entirely unpredictable, because the equations devel­
oped by Rodda are for the British Isles, and as such include a precipitation term that is 
relevant to the British Isles. This does not appear to function well for Devensian Jersey, 
which should not be wholly unexpected. O f the three data sets produced using equation 
3, none can be taken forward for further analysis.
8.6.9 McDonough (1971)
An alternative to using a drainage density-discharge relationship is to use an
area-discharge relationship. This is less precise than the use of drainage density, how-
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ever, as a methodology it is -worth investigating. The first area-discharge relationship
to be used is McDonough (1971). This is a regression relationship based on data for a 
series of catchments in Ireland. Again this is not a periglacial relationship. The regres­
sion equation here is:
Q i = 99A°-^ 5
Equation 8.28
Where Qi is the flood with a 1 year return period in m^s'\ A is the catchment 
area in square miles. Note that McDonough produces three other equations. However, 
without producing more data, it is not possible to test these. Summary statistics for the 
data produced by the above equation are shown in Table 8.6.9-A.
McDonough Catchment Discharge nJs'' McDonough Discharge per Unit Area /  nJs''
Mean 95.91 48.04
SD 67.97 18.67
Variance 4619.46 348.43
Kurtosis -0.20 -1.14
Skewness 0.89 0.38
Median 75.28 44.58
M in 22.77 23.46
Max 245.14 84.34
Range 222.37 60.88
25th Percentile 36.90 33.34
75th Percentile 127.78 65.04
Table 8.6.9-A: Summary statistics for discharge estimates using McDonough (1971) methodology. 
Clearly the values produced are vast. Indeed, it is very difficult to see how it is 
possible for the Jersey catchments to produce the sheer volumes of runoff estimated by 
this equation. Again, it is repeated that this equation was produced from Irish data, and 
probably should not be applied to periglacial features. As the McDonough data are 
clearly too large, it is necessary, unfortunately, to reject these estimates.
8.6.10 Patton and Baker (1976)
8.6.10.1 Introduction
Several equations that predict stream discharge from catchment morphometry 
were given by Patton and Baker (1976). These methods were developed for a variety of 
regions across the United States, and as such they may not be particularly applicable to 
the relic periglacial Jersey valleys. Again it is necessary to note that the function of this 
section is simply to test these methods against the Jersey valleys to see what range of 
discharge estimates result. Patton and Baker suggest that these methods can only be ap­
plied to ‘small’ catchments. ‘Small’ is defined as being “< 100 miles^ ” Considering 
that the whole of Jersey is only 120 km ,^ and this contains over 25 catchments, these
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catchments may be safely described as small. However, it is repeated that the Patton
and Baker methods are probably not directly applicable to periglacial regions.
8.6.10.2 Methodology and Data
Twelve equations were produced by Patton and Baker (pp 951), these are given 
in Table 8.6.10-A
Equation Location
1 Central Texas
2 Central Texas
3 Southern California
4 Southern California
5 North Central Utah
6 North Central Utah
7 Indiana
8 Indiana
9 Indiana
10 Appalachian Plateau
11 Appalachian Plateau
12 Appalachian Plateau
Formula
Q  
Q  
Q  
Q  
Q  
Q  
Q  
Q
Q o.5 ”
Q  
Q
Qjil =
= 17369 M " «  HD F,
= 36650 M RR DD ® 
= 1 5 5 M ‘“ HD-"®F, 
= 380 M D D '^  
= 23 M ' HD ‘ F,
= 38618 M"-"“ RR"'^‘ F ,'’”  
= 424 M HD F,
= 424 M RR DD 
115M "” H D ‘’“
= 100 M HD ° "  F,
= 38 M DD 
5 M "^ H D “ ‘ RR-°'^
Table 8.6.10-A: Discharge estimation equations produced by Patton and Baker (1976)
Where Q  is the maximum peak discharge, units cubic feet per second,
C5_o.5 “discharge with 0.5 exceedence probability per 100 events,”
M is Basin Magnitude,
DD is Drainage Density, units miles'\
HD is the Ruggedness Number (HD = Max Basin Relief X DD),
RR k Relative Relief (RR = Max Basin Relief^
Basin Parameter
Fj is first order channel frequency, channels per square mile. (Note, for Jersey 
Zero order streams were used)
Note that all these equations use imperial units. These equations were applied 
to the Jersey data (after conversion into imperial units), and the resultant data on 
catchment discharge, and discharge per unit area were converted into SI units. The 
summary statistics on these are shown in Table 8.6.10-B and Table 8.6.10-C.
8.6.10.3 Discussion
When these data are studied, it quickly becomes apparent that several of the 
equations produce extremely high estimates of stream discharge. Indeed, any values of 
runoff per unit area that exceed 10 m^  s'^  are almost certainly invalid. I t  is simply not 
possible to envisage how the Jersey catchments could produce such vast discharges. To 
summarise these general trends in Table 8.6.10-D below.
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M l  M I  M 3  E q 4  E q5  E q6  E q 7  Eg 8  E q9  Eg 10 Eq 11 Eg 12
Mean
SD
Var.
Kurt
Skew
Med
Min
Max
Range
25th %
75th %
3.64 X 1.34 X 
10^  10^  
2.38 X 1.36 X
1(F 10^
5.67 X 1.86 X 
10*^ 10^  
2.66  6.92
1.52 2.33
3104.02 73.25
1095.43 23.35
11107.4 641.19 
0
10011.9 617.84 
8
1803.34 43.44 
4531.31 182.51
0.01
0.00
0.00
-0.27
0.63
0.01
0.00
0.02
0.01
0.01
0.01
3.21 1.99 X 
10^
2.73 1.16 X 
10"
7.44 1.34 X 
10^
17.74 0.67
3.94 1.07
2.46 170.78
0.58 35.67
15.51 489.67
14.93 453.99
2.04 132.32
3.09 228.34
0.23 1.53 X 95.01 1.06 x 25.73 3.02 83.50
10^  1(F
0.32 1.30 X 84.64 7.65 x 10.78 1.09 35.16
10^  10"
0.10 1.68 X 7.16 X 5.86 X 116.24 1.19 1.24 x
10" 10^  10^  1(F
6.58 1.15 1.10 0.42 0.22  0.00  -0.88
2.57 1.31 1.36 1.10 0.74 0.26 0.10
0.12  10102 . 63.85 790.95 24.89 3.19 75.11
62
0.00 1730.2 11.85 189.91 10.24 1.09 22.71
5
1.34 51623. 326.84 2970.9 50.94 5.53 146.05
18 3
1.34 49892. 314.99 2781.0 40.70 4.45 123.34
93 2
0.07 6904.2 38.43 572.02 18.21 2.22  60.08
2
0.20  20673. 122.65 1410.2 29.37 3.48 111.46
17 1
Table 8.6.10-C: Summary statistics for Patton and Baker (1976) estimates of discharge per unit area 
for the Jersey catchments (‘Eq’ = Equation). Units are m^  s * km ".
The cause of this disagreement is most likely that these equations were devel­
oped by Patton and Baker for the temperate and semi-arid regions of the USA. These 
catchments experience a dramatically different climate and hence produce a com­
pletely different runoff regime to that proposed to have formed the Jersey valleys. Fur­
thermore, it should be noted that none of the above relationships produce statistically 
significant (significance level is p < 0.05) correlation coefficients with their catchment 
discharges (Dingman, 1978). However, equations 3, 4 (California) and 6 (Utah) appear
E q l  Eg 2  E q3  E q 4  Eq 5  Eq 6  Eq 7  Eq 8  Eq 9  Eq 10  Eq 11 Eg 12
Mean
SD
Var,
Kurt
Skew
Med.
M in
Max
Range
25th %
75th %
6.24 X 
10^  
3.78 X 
10^
1.43 X 
10" 
-0.57 
0.60
5460.02
1.77 X 
10 " 
9.83 X 
1 0 ' 
9.66 X 
10^  
1.51 
1.01 
159.03
840.47 33.84 
453.2214669.8 
0
13829.3
2
3197.26
419.38
110.74
8950.89 229.60
0.03 7.41 5.71 X
10 "
0.03 7.11 6.47 X
10 "
0.00  50.49 4.19 X
10^
2.26 1.77 2.17
1.51 1.38 1.64
0.01 5.52 292.32
0.00  0.64 10.70
0.13 28.65 2434.0
8
0.12  28.01 2423.3
8
0.01 2.21 116.21
0.04 11.85 769.49
0.67 2.33 X 
10“
1.13 1.96 X 
10“
1.29 3.84 X 
10"
7.09 9.03
2.72 2.55  
0.25 19905. 
63
0.00  5138.8 
4
4.52
4.52 95015.
21
0.05 10447. 
83
0.64 28628. 
18
139.55 1.79 X 59.42 
10^
107.61 1.51 X 57.62 
l(f
1.16 X 2.28x3320.1  
10“ 10^  5
7.72 7.50 3.66
2.25 2.34 1.79
129.70 1471.9 34.11 
3
27.17 404.24 8.39
549.43 7498.8 249.72
7
522.25 7094.6 241.33 
3
54.33 670.69 20.75
171.06 2287.3 78.03 
9
7.42 210.17
7.44 240.39
55.41 5.78 X 
10 “
2.40 6.22
1.61 2.29 
4.15 100.87
1.04 31.24
30.14 1080.3
7
29.10 1049.1 
3
2.35 58.32 
10.48 298.84
Table 8 .6 .10-B: Summary statistics for Patton and Baker (1976) estimates for catchment discharge,
units are m^  s ' (Note Eq = Equation).
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Equation Validity
1
2
3
4
5
6
7
8
9
10 
11 
12
Far too high, results are simply not feasible 
Extremely high, although not as high as equation 1, results are 
Reasonable, although possibly too low.
Reasonably, although results maybe a little too high.
Extremely high, although not as high as equation 1, results are 
Reasonable, although possibly too low.
Far too high, results are simply not feasible
Extremely high, although not as high as equation 1, results are
Extremely high, although not as high as equation 1, results are
Extremely high, although not as high as equation 1, results are
Rather high, results are probably not valid 
Extremely high, although not as high as equation 1, results are probably not valid
probably not valid 
probably not valid
probably not valid 
probably not valid 
probably not valid
Table 8.6.10-D: Summary o f appllcabUity of Patton and Baker equations when applied to Jersey
catchments.
to produce what may be reasonable results, and these results are worth studying in some 
more detail. It is possible that this is a product of differing environments having simi­
lar hydrology, although the links between environment and hydrology are different. For 
example, both situations could be dominated by snow melt, in the case of the Califor­
nian and Utah catchments because these have mountainous regions. Alternatively over­
land flow might be a significant process, either due to the formation of a soil crust or 
permafrost. These different causes could give the same effect and hence similar hy­
drology.
Graphically, these data are as shown in Figure 8.6.9-A to Figure 8.6.9-F.
Histogram of Equation 3; Q ,
14
12
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2
I— r
Discharge /  cu sec s
Figure 8.6.10-A: Histogram o f Patton and Baker, Equation 3: Catchment Discharge.
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Histogram o f  Equation 3, Q r»  per unit area
?  4
Ü  3
Discharge /  cu secs
Figure 8 .6 . 10-B: Histogram o f Patton and Baker, Equation 3: Discharge per unit area.
Histogram of Equation 4; Q m»
5
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Figure 8.6.10-C: Histogram of Patton and Baker, Equation 4: Catchment Discharge
Histogram of Equation 4; Q im per unit area
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Figure 8 .6 .10-D: Histogram of Patton and Baker, Equation 4: Discharge per unit area.
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Histogram of Equation 6, Q m»
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Figure 8.6.10-E: Histogram o f Patton and Baker, Equation 6 : Catchment Discharge
Histogram of Equation 6, Q m  per unit area
12
10
8 -
O  T - <M « i n t o  h»CDO) Or - < M COO O O O O O
\  D ischarge /  cu secs
Figure 8.6.10-F: Histogram of Patton and Baker, Equation 6 : Discharge per unit area.
Most of these data display a positive, right, skew, with a few catchments pro­
ducing large discharges, as would be expected. The values of catchment discharge pro­
duced by the three equations cover a range of three orders of magnitude. Discharge per 
unit area shows a slightly lower range, of two orders of magnitude. Whilst this range is 
high, it is not unexpected given the apparently crude nature of discharge predictions 
from morphometric equations (Dingman, 1978), and apparent differences between the 
catchments analysed by Patton and Baker and the Jersey catchments. However, the data 
produced by these equations will be taken further for more detailed analyses against the 
other methodologies.
8.6.11 White (1976)
This introduces three new methods of estimating catchment discharge for karst 
regions. Yet again, these methodologies are not ideally suited to the Jersey misfit val­
leys. However, these methods will be applied in order to gain further insight in the 
‘discharge envelope’ that the Jersey valleys occupy. White derives the discharge equa­
tions using principal components analysis. This partly explains why the total length of
blue lines is used as a means of estimating discharge, rather than the more usual drain-
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age density or area. White produces two equations, one for basins underlain by dolo­
mite rock:
2.23 = 12.4 TOT
1.01
Equation 8.29
The second is for basins underlain by ‘carbonate rock with little surface expres­
sion.
2.23 = 43.5 TOT
0.87
Equation 8.30
Where Q 2.23 is the mean annual flood (recurrence interval is 2.23 years) in cubic 
feet per second, and ‘TO T’ is the total length of blue lines, in miles, on a topographic 
map, for Jersey the total valley length in a catchment was used. I t should be repeated 
that either of these equations are particularly suited to Jersey, with a completely non- 
karstic geology and the valleys having formed during a period of permafrost activity. 
However, when these equations were applied to Jersey, the following summary statistics 
for these data are produced, as shown in Table 8.6.12-A.
Dolomite Equation,
Q? 71
Dolomite Q2.23 unit 
area
Carbonate Equa­
tion Q2 2,
Carbonate Q2.23 P^  ^
unit area
Mean 2.34 0.81 5.93 2.37
SD 2.65 0.26 5.82 0.79
Variance 7.00 0.07 33.92 0.63
Kurtosis 3.32 -0.78 2.36 -0.94
Skewness 1.84 -0.26 1.59 0.22
Mode 0.28 N /A 1.01 N /A
Median 1.34 0.82 3.89 2.12
M in 0.14 0.33 0.57 0.99
Max 10.56 1.21 23.11 3.74
Range 10.42 0.88 22.54 2.75
25th Percentile 0.50 0.60 1.67 1.88
75 th Percentile 3.28 1.02 8.43 2.89
Figure 8.6.11-A: Summary statistics for the White (1976) data.
Graphically, histograms of these data are reproduced below in Figure 8.6.11-B 
to Figure 8.6.11-E.
H iitogram  of WhH* (1976) Dolomitic Equation DIacharga
6 :
i:|2 ^
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Figure 8.6.11-B: Histogram o f catchment dis­
charge estimated from the White (1976) 
dolomite relationship
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HUtogram of WhH* (1976) DolomRic Equation DIteharg* par UnH 
A raa
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Figure 8.6.11-C; Histogram o f White (1976) 
discharge per tmit area estimate using the 
Dolomite relationship
Hlatogram of WhHa (1976) Carbonata Equation DIacharga par 
UnH Araa
1.5 2.0 2.5
DIacharga /  cuaaca
Figure 8 .6 .1 1-E: Histogram of discharge per 
tmit area estimated using the WTiite (1976) 
carbonate relationship
Hlatogram of WhHa (1976) Cartronata Equation DIacharga
i:
n n n □
DIacharga /  cuaaca
Figure 8 .6 .11-D; Histogram of catchment dis­
charge estimated using the White (1976) car­
bonate relationship
These discharge values appear too high. The data derived from the carbonate 
relationship is far too high, giving a mean discharge per unit area of 2.37 m^ s'^  km'h As 
such, it has to be concluded that this data is not valid for Jersey. This is not surprising, 
and is a result of the different environment in which this equation was developed. The 
underground drainage of karst regions means that the effective drainage network will be 
quite different to the ‘blue-line’ drainage network depicted on maps. White quotes a E 
value for this equation of 0.83, which suggests that this equation will provide good ap­
proximations of stream discharge for karst regions. However, this equation can not be 
applied to the Jersey catchments.
The dolomite data, despite a lower E value for the equation (0.79), appears to 
give better results when applied to Jersey. These estimates are lower (mean discharge 
per unit area is 0.81 m^ s'^  km'^) and in the same envelope as many of the other data. 
However, again, this is 27 times larger than the Alaskan data. This implies that this 
data is not reasonable, and can not be taken forward for further analysis. Before this 
happens, it is necessary to consider brief why this relationship produces better estimates 
for Jersey. One possibility is that the lower d  value implies that this equation is less 
well suited to the region where it was developed, and so is better for the rest o f the
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world. Alternatively, it is possible that the dolomite catchments function in a manner
. similar to permafrost catchment. This may seem very unlikely. However, i f the catch­
ments studied feature strong snow melt floods, then this could give behaviour similar 
to permafrost catchments. White studied the mean annual flood. It is possible that this 
results from snow melt, just as the largest discharge event in periglacial catchments re­
sult from snow melt.
Hence it is possible that this relationship developed for dolomite catchments 
may give reasonable result for permafrost catchment. This is a relationship that merits 
further analysis.
8.6.12 Murphey f 1977)
8.6.12.1 Introduction
Several equations to estimate catchment runoff, CLpi the unusual units of 
inches per hour) are given by Murphey et al (1977). In all cases values were con­
verted into values for catchment discharge in m^ s'  ^ and discharge per unit area, units 
m s^'  ^ km'^. These methods are as follows;
8.6.12.2 The HKR Method
Central to this method is HKR, a modification of the Hickok, Keppel and Raf­
ferty parameter. HKR is calculated from:
AHKR =
Equation 8.31
Where; HKR has units of miles^^^ A is basin area, units miles, is the main 
channel slope, as a ratio, and Dj is drainage density, units miles miles'^. HKR forms 
part of a discharge estimation equation:
= 0.5723 HKR“ "
Equation 8.32
Where CLpi is maximum peak discharge in inches per hour. When applied to the 
Jersey catchments, this relationship produces the following data (Table 8.6.12-A), as 
noted above, discharge is given in m^s'k Clearly this method produces discharge esti­
mates that are extremely high. Such high values are almost certainly invalid, it simply 
is not possible for the Jersey catchments to producing discharges of hundreds of thou­
sands of cusecs per square km. Because of these extremely high estimates of catchment 
discharge, this method will not be taken any further.
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Catchment Discharge estimated using the 
HKR method /  nfs''
Catchment Discharge estimated using the 
HKR method per unit area! rrJs'' km'^
Mean 6.45 X 10^ 2.99 X 10^
SD 5.05 X 10^ 9.84x10“
Variance 2.55x10" 9.69 X 10’
Kurtosis 1.85x10" -1.17
Skewness 9.98 X 10" 3.94 X 10"
Median 4.68 X 10^ 2.74x10^
M in 1.1 2 x 10^ 1.64 X 10^
Max 1.84x10^ 4.84x10^
Range 1.73x10^ 3.20  X 10^
25th Percentile 2.27x10^ 2.21 X 10’
75th Percentile 8.80x10^ 3.83x10^
Table 8.6.12-A; Summary statistics of discharge estimates produced using the HKR method
8.6.12.3 The Gray Method
This is a relationship between Gray’s parameter and discharge:
^  =1.095 0'°^°^
Equation 8.33
-mpi
Where G is Gray’ parameter, units miles;
G =
Equation 8.34
L  is the length of the ‘main channel’ measured along the channel from basin 
mouth to the watershed. The use of this required definition of what was the ‘main chan­
nel’. This is discussed in more detail in the relevant section of chapter 5. Application 
of the Gray method to the Jersey catchments produces the following summary data 
shown in Table 8.6.12-B:
Catchment Discharge estimated using 
Gray's method/  nJs''
Catchment Discharge estimated using 
Gray's method per unit area! nJs'' hn^
Mean 1.56x10^ 7.01 X 105
SD 1.23x10^ 2.22x105
Variance 1.51x10'" 4.91 X 10 '°
Kurtosis -0.65 -0.84
Skewness 0.79 0.15
Median 1.05x10^ 7.03 X 105
M in 2.36x10^ 3.49x105
Max 4.13x10^ 1.18 xlO'^
Range 3.89 xlOf^ 8.33x105
25th Percentile 5.27x105 5.15x105
75th Percentile 2.59x105 8.66x105
Table 8 .6 .12-B; Summary statistics of discharge estimates produced using the Gray method 
Like the HKR method, the Gray method produces extremely high values for 
catchment discharge, and as with the HKR method the size of these estimates invali­
dates them. These data will not be taken any further.
8.6.12.4 Area
This uses a comparatively simple'discharge-area relationship:
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LpiQ _;=0.9408A -"'« '
Equation 8.35
A is catchment area, units milesl This gives the following data when applied 
to the Jersey catchments (Table 8.6.12-C):
Catchment Discharge 
estimated from area /  n i s''
Catchment Discharge estimated using 
from area, per unit area! n i s'' km'^
Mean 16.73 7.81
SD 12.86 2.52
Variance 165.30 6.37
Kurtosis -0.02 -1.22
Skewness 0.97 0.30
Median 12.55 7.42
M in 3.39 4.37
Max 45.63 12.56
Range 42.24 8.19
25th Percentile 5.75 5.84
75th Percentile 22.38 10.14
Table 8 .6 . 12-C; Summary statistics o f discharge estimates produced using the area
method
Compared to the HKR and Gray methods, this equation produces data that are 
more feasible. Unfortunately these data are still not valid. Although the estimates of 
catchment discharge appear reasonable, i f  a little high, when discharge per unit area is 
calculated, the weakness of this method becomes apparent. The discharge per unit area 
data are several orders of magnitude lower than the data produced by either the HKR 
or Gray methods, although they are still very high. As noted elsewhere, discharge per 
unit area data over 0.03 m^ s'^  km'  ^is not valid. Unfortunately, this means that the above 
data produced using the area relationship are not valid. Again these data can not be 
taken forward for further analysis.
8.6.12.5 Shape /  Area
This uses a relationship between an index of catchment shape and the catchment 
area. The discharge equation is:
_  0.628S,
Vmpi ^ 0.313
Equation 8.36
This uses Sj,, a unit less basin shape factor;
c, _  Square of maximum straight line length in basin   ------------------------------
Catchment Area
Equation 8.37
As with the area method, this approach required the development of new data, 
the measure of maximum straight line length within the basin. Fortunately, these data 
were not overly time consuming to collect. With this data collected, it was then possi­
ble to estimate catchment forming discharge using the above relationship. The sum-
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mary statistics on this are as follows in Table 8.6.12-D:
Catchment Discharge estimated using the Catchment Discharge estimated using the shape 
 shape /  area method /  nis'^_______ /  area method per unit areal nJs'‘ krri^
Mean 
SD  
Variance 
Kurtosis 
Skewness 
M edian  
M in  
M ax  
Range 
25th Percentile 
75th Percentile
3.63 X l( f 1.02x10*
4.28x10* 3.65 X 10’
1 .84x10" 1 .3 3 x 1 0 "
0.88 -1.04
1.39 0.28
2.01 X 10* 1.05x10*
2 .0 2 x 1 0 ’ 4 .8 4 x 1 0 ’
1.42 x K f 1.69x10*
1.40 x K f 1.20 X 10*
3 .5 8 x 1 0 ’ 6.69 X 10’
5.62x10* 1.23x10*
Table 8.6.12-D ; Summary statistics o f  discharge estimates produced using the shape /  area method 
Yet again this produces clear over-estimates of catchment discharge. As noted 
above, discharge per unit area values of millions of m s^'  ^ km'^ are not possible. This 
means, once again, discharge estimates from this method can not be taken forward for 
further analysis.
8.6.12.6 Drainage Density
This is a return to the more familiar type of drainage density-discharge rela­
tionships, as used be Carlston (1963) and Cheetham (1980). In this case the relationship 
is:
0.291 x lO -^ D /^ '
Equation 8.38
Where Dj is drainage density, in miles''. Application to the Jersey catchments 
produces the following data summary statistics shown in Table 8.6.12-E:
Catchment discharge estimated from 
drainage density /  rds''
Catchment discharge estimated from drainage 
density per unit area /  nJs'  ^hn^
Mean l .Y l 2.57
SD 2 3 6 4.15
Variance 538 17.22
Kurtosis 0 3 9 3.01
Skewness 1.18 1.93
M edian 1.16 0 3 8
M in 0.01 0.00
M ax 7^8 15.04
Range 7.47 15.03
25th Percentile 0.28 0.22
75th Percentile 3.66 2.80
Table 8.6.12-E; Summary statistics o f  discharge estimates produced using drainage density 
Despite the clear comparison with the Carlston and Cheetham relationships, 
this drainage density-discharge relationship produces very high estimates of catchment 
discharge. Whilst these are not as high as those produced by the HKR, Gray, and Shape 
/ Area methods, they are still too high to be taken forward for further analysis.
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8.6.12.7 Discussion
When applied, these equations produce a range of values. Unfortunately none of 
the assorted methods do produce viable results. This is regrettable, and results in a 
complete set of methodologies producing invalid results. This consistency can be ex­
plained as resulting from the application of a series of relationships from the Highland 
region of the Basin and Range Province. I t is most likely that these data do not repre­
sent a geomorphologically similar region to Devensian Jersey. As such the relationships 
are probably valid to the Basin and Range Province, but are not to Devensian Jersey. 
Applying these relationships to Jersey was probably not a valid exercise.
8.6.13 Summerfield and Hulton (1994)
This approach is quite different to other methods tested in this research. Sum­
merfield and Hulton (1994) develop a series of regression relationships between 
catchment morphometric parameters and catchment denudation rates. Although drain­
age density is not discussed, a range of other parameters are, including basin area, a 
range of measures of relief, and the hypsometric integral. Summerfield and Hulton 
note that of all the morphometric parameters tested, basin relief and the relief ratio 
produce the strongest regression relationships. Although Summerfield and Hulton d id  
not publish these relationships, it is possible to calculate regression equations using the 
supplied data. From these relationships, it might be possible to estimate mean catch­
ment denudation rates for the Jersey catchments. However, before this is attempted, a 
note of caution must be exercised. Summerfield and Hulton studied the largest catch­
ments on the Earth, with the smallest (the Dnepr) catchment area being 540,000 km .^ 
Quite clearly these are much larger than the Jersey catchments. Hence any attempt to 
use Summerfield and Hulton’s relationships on the Jersey catchments would ignore any 
scaling effects related to catchment area. Hence it is necessary to note that this approach 
is probably not as sound as it could be, however application is of value as it will pro­
vide another insight into the valley formation. Summerfield and Hulton note catch­
ment area is only “weakly associated” 13,871) with denudation rate so such an analy­
sis might be a valid exercise.
Taking Summerfield and Hulton’s data, and conducting a regression analysis. 
Summerfield and Hulton suggest that a regression in the form log y = mx + c produces 
the strongest relationships. These are: (DR = Denudation Rate, mm k yr'k)
Relative Relief (RR):
log DR = 361.92 RR + 0.734 r" = 0.6259
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Equation 8.39
Basin Relief (BR)
log DR = 0.0002 BR + 9.5874 r" = 0.6161
Equation 8.40
Note that at a significance level of p < 0.05, both of these relationships are sta­
tistically significant. Application of these relationships to the Jersey catchments pro­
duces the data shown in Table 8.6.13-A.
Code Relief Ratio Approx. Denudation Rate /  
mm k yr:  ^fiom Equation 8.39
Approx. Denudation Rate /  
mm k yr.'’ fiom Equation 8.40
Ratio
P 0.02 6.37 4.08 1.56
T 0.02 639 4.05 1.58
L 0.02 6.54 4.10 1.59
G 0.02 6.56 4.05 1.62
Q 0.02 6.64 4.02 1.65
V 0.02 6.59 4.06 1.62
Vm 0.03 6.78 4.04 1.68
J 0.03 6.88 4.11 1.68
Le 0.04 734 4.05 1.81
R 0.04 7.30 4.06 1.80
N 0.04 734 4.02 1.82
Gc 0.03 6.92 3.99 1.73
O 0.03 7.16 4.04 1.77
Rv 0.05 8.07 4.04 2.00
S 0.02' 6.62 3.98 1.66
Fo 0.10 12.15 433 3.01
Bo 0.09 11.64 4.05 238
PP 0.11 13.41 4.07 3.29
M 0.05 835 4.07 2.05
C 0.09 11.04 4.03 2.74
Rb 0.07 934 338 2.50
Co 0.12 14.91 4.09 3.65
B 0.05 8.08 335 2.05
Bn 0.10 12.74 4.01 3.18
F 0.06 834 33 7 2.25
Ro 0.03 7.07 4.00 1.77
Table 8.6.13-A: Denudation rates for the Jersey catchments estimated from data given by Summerfield
and Hulton.
Looking at these data, it appears the estimation of denudation rates using basin 
relief (Equation 8.40) produces more consistent estimates. However, looking at the es­
timates using relative relief indicates that there are two. general groupings of denuda­
tion rates, one group is between 6 and 7.5 mm k yr '. whilst the second group is much 
higher. This appears to be a result of the inclusion of catchment length in the estimation 
of relative relief. I t would appear that the ‘steeper’ catchments, i.e. those with higher 
values of relative relief, have higher values for denudation rates. This does make general 
geomorphic sense, those catchments with the higher relative relief have steeper slopes 
and hence are likely to have greater amounts of geomorphic activity and hence erosion. 
The catchments with such high values of denudation rates also tend to be the smaller 
catchments on the northern coast where regional slope is greater. Hence it would seem
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that denudation rates estimated by the use o f relative relief are more reasonable than
those estimated using basin relief.
Having produced these estimates of denudation rates, what do these suggest 
about the Jersey catchments? Assuming that these estimates are valid representations of 
the amount of denudation that occurred in Jersey, and that this occurred during the last 
glacial, with a duration of around 100,000 years, this would mean that over this period 
the surface of the island, was lowered by about 6 cm. This is clearly a very low esti­
mate of denudation. However, there are several possible explanations;
1, This is a mean value, averaged across the whole island. Erosion in Jersey was 
not such a uniform process, rather it was concentrated in the valleys. I t  is possible that 
there was virtually no erosion on the plateau surface, hence in the valleys the amount of 
denudation was much higher than the 6 cm estimate. However, even assuming that ero­
sion in the valleys was 100 times greater, this would still only give an estimate of 6 m 
of denudation during the last 100,000 years.
2, The valleys are considerably older than 100,000 years. I f  erosion was taking 
place for 1 million years, then the valleys might have sufficient time to form. This 
might be reasonable. However, beyond the last glacial, information on geomorphic 
conditions in Jersey is non-existent, so any speculation on valley formation over these 
time scales would be just that, extremely speculative. Additionally, research into con­
ditions during the last interglacial (see section 2.4) would seem to suggest that this pe­
riod was drier than the present day, and hence valley activity would be even less likely. 
I t is possible that valley formation took place during several cold periods, separated 
by periods of inactivity during interglacials.
3, The denudation rates used are not valid for periglacial fluvial erosion. 
Summerfield and Hulton do take data from across the globe, removing possible cli­
matic variations. I f  this exercise was repeated for exclusively periglacial catchments, 
then a higher denudation rate might occur.
4, The catchments studied by Summerfield and Hulton are the largest catch­
ments on the planet. The Jersey catchments are much smaller, it is possible that in ap­
plying this mean value, a scale related effect has been ignored. This possibly was not 
correct and by ignoring the scale effects this resulted in the extremely low estimate of 
denudation.
Therefore, it would seem that this approach is not particularly suitable to ap­
plication to Jersey, and alternatives should.be investigated. This is most likely to be a
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result o f applying the crude estimate of denudation developed for extremely large
catchments to the very small Jersey ones. In so doing, effects of scale have been ignored 
and this possibly resulted in the application of an inappropriate relationship. Neverthe­
less, by using this approach some insights have been gained: it would seem that, crudely 
speaking, when active the Jersey catchments must have experienced greater rates of ero­
sion per unit area than some of the largest catchments active at the present day.
8.7 Periglacial Morphometric Discharge Predictions
8.7.1 Introduction
A literature search was begun to attempt to find any periglacial drainage den­
sity-discharge relationships. This search produced few examples of such a relationship. 
Therefore the search was widened to include any approach that could estimate catch­
ment discharge from morphometric information. Papers which include such relation­
ships are included below in Table 8.7.1-A.
Authors Date Geographical
Locations
Relationship
Brown et al 1968 Near Barrow on 
Alaskan North 
Slope
Includes drainage density values but nothing on dis­
charge
McCann et al 1972 Resolute Island, 
N W T
0.34 and 0.64 m’/s/km^
Slaughter and 1981 Caribou-Poker, Includes Drainage Density figures, but nothing on dis­
Collins Alaska charge
Haugen et al 1982 Caribou-Poker,
Alaska
Max. discharge for Poker Creek, (12/5/75) is 5.66 m’/s
Kane and 
Carlson
1973 Ogotoruk River Max. instantaneous discharge is 3.0 m’s ' km' ,^ mean 
daily is 1.8 m’s" km' .^ Also predictive equation
Arnborg, et al 1966 Colville River, 
Alaska
Max. discharge 0.8 m’s" km' ,^ mean annual discharge 7.2 
X lO'^m’s" km' ,^ ice-free period, 0.2 m V ‘ km'^
Dingman 1971 Glenn Creek, 
Alaska
Quotes values for Drainage Density and includes a Dd- 
Area relationship
Rapp 1980 Karkevagge, 
Northern Sweden
Nothing on drainage density or discharge. However does 
give denudation rates for various mass movements.
Chacho 1993 Glenn Creeks, 
Alaska
Although no drainage density values are given, this does 
include hydrographs from which peak discharge for 3 
years can be calculated. These can be used with existing 
Dd values.
Table 8.7.1-A: Summary of published periglacial drainage density values
8.7.2 Arnborg <3?/f 1966)
This does not quote any drainage density figures. However, it does include 
some estimates of run off per unit area. These figures are rather crude. The quoted value 
for the area of the Colville catchment is 50,000 km .^ This value appears to have been 
measured to the nearest 1000 km^ Clearly such a large catchment will behave differ­
ently to the far smaller headwater Jersey catchments.
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8.7.3 Dingman (1971)
This paper quotes several values of drainage density, and includes the following 
relationship between drainage density and catchment area:
Dd = 5.06 area-""
Equation 8.41
This relationship was applied to the Jersey catchments and the resultant predic­
tions of valley network density were tested against the actual VND values. The Mann- 
Whitney U test revealed a highly significant difference between the two data sets (U = 
131.5, corrected Z-score = -3.78, and p = 0.001, significance level is p < 0.05). This 
implies that the Dingman (1971) relationship should not be applied to Jersey, as for 
Jersey, it does not relate drainage density to area in accordance with the observed data.
8.7.4 Brown et a l( \968)
Brown ffal include some drainage density figures from 1:50,000 maps, tracing 
the blue-lines. However the value given is for the whole Barrow quadrangle, not for in­
dividual catchments, whilst discharge data is for the single catchment. The study basin 
contains a drained small lake. This is a rather abnormal basin, being very flat and lack­
ing rugged topography.
8.7.5 Chacho fl993)
This paper does not include any drainage density values. However, Chacho does 
include a series of hydrographs showing peak discharge for the 1983, 1985 and 1988 
melt seasons. From these it is possible to calculate the peak discharge for these years 
with a reasonable degree of accuracy. These discharge values can be used with the drain­
age density values for the Clenn Creeks catchment given by Dingman (1971). Note that 
this approach does assume that drainage density has not changed. This would ignore the 
accepted dynamic nature of drainage density (Cregory and Walling, 1968 Morgan, 
1972; Day, 1978, Curnell, 1978).
8.8 Periglacial Runoff Predictive Models
8.8.1 Previous Methods
Because o f the problems noted in attempts to measure stream runoff in 
periglacial regions several studies have attempted to approach this problem from the 
opposite direction, and have developed predictive models. This lack of empirical re­
search lead Carlson et al (1972, and 1973) and Kane and Carlson (1973) to suggest that 
modelling of snow melt might be a appropriate methodology to predict stream dis-
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charge. Unfortunately this approach did not produce the accurate predictions hoped for.
Leavesley (1989) notes some of the many problems associated with the modelling of
snow melt. Ironically, Leavesley suggests that many of these problems may be resolved
by the collection of more hard data to parameterise such models.
Newbury (1974) collects a fair amount of data on rainfall-runoff relationships 
in permafrost catchments. I t is possible to develop a regression relationship for this 
data, although this would be quite crude. This relationship could then be applied to 
data on Jersey palaeo-precipitation, in order to gain another estimate of catchment run­
off. However, the absence of any such data at a sufficiently high resolution prevents such 
a methodology be developed any further.
Hinzman and Kane (1991) attempt to apply Bergstrom’s (1976) HBV stream 
flow model to predict runoff in the same catchment as that studied by Kane et dl 
(1991). This modelling approach appears to function well, producing reasonable corre­
lation s with field data. Unfortunately, because the HBV model requires information 
on climatic processes, it is not applicable to Jersey, where such data are not available. 
What palaeoclimatic information is published tends to be rather approximate. Appli­
cation of this to an already uncertain model will simply compound the possibility of 
errors and produce a final value for discharge that is very uncertain.
8.8.2 Snow Melt
8.8.2.1 Basic Model
This is a rather crude approach that utilises Jersey Devensian palaeoclimatic 
data from Chaline and Brochet (1986) developed from palaeo flora and fauna from La 
Cotte de St. Brelade. Chaline and Brochet suggest that for the Saalian (~ Wolstonian) 
glacial, January temperature varied between -30 and -45°C, whilst July temperature 
was between 0 and +15°C. There was a total of 100 days with temperatures above 5°C. 
Precipitation receipts were estimated from the combination of November and June 
monthly rainfall values (between 15 and 35 mm), and July to October values (between 
25 and 50 mm). Using this basic data, in combination with the provided climatic 
curves, it is possible to gain some insights into Jersey palaeoclimate. These are dis­
cussed below.
Firstly looking at the temperature curve, this shows that temperatures remain 
below 0°C until the beginning of May, and it is mid-June before temperatures con­
stantly exceed 0°C. Assuming that substantial melting does not occur until the mean 
daily temperature is above 0°C, melting will begin around mid-May. These condi-
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dons remain undl mid-July, when minimum temperatures drop below 0°C, and it is
. mid-September before temperatures are constantly below freezing. This means that any 
precipitation that falls after mid-September will not melt, and will remain until the 
following spring. Hence all the precipitation for the eight months between mid- 
September and mid-May is stored. Rather than using dates o f mid-May and mid- 
September, the end of these months will be used. Looking again at the monthly pre­
cipitation figures, this gives one month of precipitation between 25 and 50 mm, fol­
lowed by 6 months of 15 to 35 mm. From these figures a value for precipitation can be 
made, this gives an approximate value of winter precipitation between a minimum of 
115 mm and a maximum of 260 mm.
This estimate of winter precipitation can be multiplied by catchment area, this 
gives the volume of water stored in the catchments. These data are shown in table 8.8.2- 
A below. Next it is possible to make a series of assumptions about snow melt and gain 
an impression of stream discharge. It appears that almost all periglacial catchments 
experience an extremely large spring melt out flood. During this spring snow melt 
flood, a vast amount of fluvial erosion occurs. Typically this flood is the largest event 
of the year, due to the melt of the majority of the snow in the catchment over a short 
time period. This event seems to have a duration measured in hours or days. So, i f  it is 
assumed that 80% of the snow stored over the winter melts within 48 hours then it is 
possible to estimate the discharge of the Jersey streams.
I t  was decided to use 80% of the total volume of winter storage as an ap­
proximation. It seems clear that there will not be a complete (i.e. 100%) snow melt, 
however, the majority o f winter storage will run-off. 80% was chosen as a first ap­
proximation. Likewise the 48 hour duration of the melt out flood is also an approxi­
mation. The literature suggests that the start of the melt out flood is related to a sud­
den meteorological improvement, and again it only lasts a few days. Note that the du­
ration of 48 hours does not assume constant activity. Continuation of melting over night 
is unlikely, instead it is more probable that discharge will decline. Again, it is re­
peated that this is a crude method, that aims only to find approximate values for dis­
charge. This method produces the following data, shown in Table 8.8.2-B, where 
minimum discharge is based on the discharge from the minimum volume of storage, 
and maximum discharge uses maximum storage. Mean discharge’ is the mean of these 
two values. All discharge values are for discharge per unit area, units m^ s"' km'l
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M IN
Storage
/w /
M A X
Storage
/w /
M IN  
R u n off  
Over 48  
hours
M A X  
R u noff  
Over 48  
hours
M E A N  
R u n off  
Over 48  
hours
M IN  
80% 
R u n off  
Over 48  
hours
M A X
80%
R u n off  
Over 48  
hours
M E A N  
8 0 %  
R u n off  
Over 48  
hours
Mean runoff 0.67 1.22 0.94 0.53 0.97 0.75
per unit area /
m’s" km'^
Mean 3.38 X 10’ 6 .18x10’ 1.96 3 3 7 2.77 1.57 2.86 2.21
SD 3.49 X 10’ 6 .37x10’ 2.02 3.69 2.85 1.62 2.95 2.28
Variance 1.22x10" 4.06x10" 4.08 13.59 8.14 2.61 8.70 5.21
Kurtosis 0.92 0.92 0.92 0.92 0.92 0.92 0.92 0.92
Skewness 1.33 1.33 1.33 1.33 1.33 1.33 1.33 1.33
Mode 8.79 X 10* 1.61 X 10? 50.9 92.9 71.9 40.7 74.3 57.5
Median 1.97x10’ 3.59 X 10’ 1.14 2.08 1.61 0.91 1.66 1.29
Min 3.11x10^ 5.67 X 10^ 0.18 0.33 0.25 0.14 0.26 0.20
Max 1.20x10* 2.19x10* 6.95 12.70 9.83 5.56 10.16 7.86
Range 1.17x10* 2.14x10* 6.77 12.37 9.57 5.42 9.90 7.66
25th %-ile 6.53x10^ 1.19x10’ 0.38 0.69 0.53 0.30 0.55 0.43
75th %-ile 4.41 X 10’ 8.06x10’ 255 4.66 3.61 2.04 3.73 2.89
Table 8.8.2-B; Discharge estimates from snow melt 
Although this method does involve a great many assumptions, it does appear to 
produce some discharge estimates in reasonable agreement with the Alaskan data, fur­
thermore the mean runoff per unit area data produces estimates below 1.0 m^s ' km'^ 
(with the exception of the estimate of maximum discharge per unit area over 48 hours). 
This suggests that despite the apparent simplicity of this method, it does produce in­
teresting results. This results will be taken forward for further analysis. However, it is 
necessary to note that these values are much higher than the Alaskan discharge per unit 
area data, suggesting that some modification of the model is desirable, this is con­
ducted in the next section.
8.8.2.2 More Advanced Model
The above model produces a first approximation of stream discharge. I t  was 
decided to refine this and develop a more sophisticated model. There are two ap­
proaches to this, the first is to model from equations aiming to build a single master 
equation. This study will take a slightly different approach, based on a spreadsheet. 
This approach is based on the Swedish HBV model used by Hinzman and Kane (1991) 
for Imnavait Creek, Alaska. The core of the model is Hinzman and Kane’s equation I
M = CFM AXx(T-TT)
Equation 8.42
Where M is the depth of snow melt in mm, “CFMAX” is a degree day factor, 
mm / °C, essentially this is the amount of snow that will melt over a given time pe­
riod for a given temperature, Hinzman and Kane determine this from parameter opti­
misation. T  is the mean daily temperature, °C and TT is the threshold temperature at
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which snow melt begins, again in °C. Before this model could be attempted, it was
first necessary to develop the data necessary that would form the base line on which the
model would be run. Firstly, the volume of snow accumulated over a ‘typical’ winter
was taken from section 8.8.2.1, and the snow melt factor CFMAX was taken straight
from Hinzman and Kane, at 3.5, the threshold temperature was set at 0.1 °C. Note that
using the existing data on winter snow accumulation, this gives an average minimum
depth of winter snow accumulation of 0.12 m, and a maximum depth of 0.21 m. These
estimates of snow depth would seem to be very low. However, these are average figures,
and of rainfall equivalent, not the actual depth of snow, such values would also appear to
be in agreement with the statement of Keen (1986) that the climate of Jersey during the
Devensian temperature minimum was that of a dry polar desert.
Next it was necessary to develop a temperature series so that the model could 
be used. Clearly there is no published data on daily temperatures on Jersey during the 
Devensian. Hence it was necessary to develop an estimated temperature series. The lit­
erature on snow melt in periglacial catchments, for example, Carlson et al (1972, and 
1973) and Kane and Carlson (1973), and Newbury (1974), point to snow melt being a 
sudden event related to a sudden warning. So it is necessary to develop a basic tem­
perature series that begins with a rapid rate of temperature increase, a rate that gradu­
ally declines. This data was created from the following equation
T „ ,  = (1.2Ln(T„.,) + 0.6) + Ti
Equation 8.43
Where T  is the temperature, and n is a time interval in days, Tj is the initial or 
starting temperature. This equation produces a smooth convex up curve of increasing 
temperature. This gives the background temperature, daily variations of temperature 
are also necessary. I t was decided to use a sine wave function to model this daily 
change in temperature. This requires that time in hours was converted into degrees, so 
that 12 midnight give the minimum temperature, whilst 12 noon gives the maximum 
temperature. As a later revision to this, a 3 hour lag was added so that maximum tem­
peratures occurred at 3 PM. The combination of these two temperature terms gives 
hourly temperature.
This was entered into a modified version of Equation 8.42, modified to allow 
later feedback. This is
MD = (R X CFMAX) x (T x TT) x EF
Equation 8.44
Where MD is the depth of snow melted in mm, R is a ratio discussed below,
and EF is a efficiency factor. This was arbitrarily set at 0.8, in other words 0.8 of any
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snow melted is converted into water for runoff. A ll other terms are already defined.
However, this equation can be produce negative amounts of snow melt, and hence nega­
tive discharge values. Because this is clearly nonsensical, an IF/THEN loop was used in 
the spreadsheet to convert all negative melt values into zero. This has the effect of stop­
ping any melt during periods of low temperatures. This value of snow melt depth, can 
be totalled across the whole catchment, and converted into a discharge value.
When a runoff volume is produced, this is subtracted from the original volume 
of snow, and this new volume of snow is used to calculate discharge at time T^+y The 
ratio of new volume of snow to the original volume is then fed back into Equation 8.44 
as ‘R’, this has the effect of acting as an efficiency term, and reducing the amount of 
melt produced with time. Note this model is a simplification, for example it does 
not allow for any fresh snowfall after the melt period has begun. Additionally the 
model makes a vast number of simplifications about the processes of snow melt, and 
runoff generation. Finally this model is untested against real world data, so it is im ­
possible to determine whether this model accurately estimates mnoff volumes. How­
ever, the original Hinzman and Kane model has been tested and is suggested to be rea­
sonably accurate. When this model is applied to the Trinity catchment, over a period 
of 12 days, it produces a fair discharge estimate. Graphically, this appears as Figure
8.8.2-A.
Mean Hourly Discharge.
4 -
4 8 12 131 2 3 5 6 7 9 10 11
Day
Figure 8.8.2-A: Discharge estimated from snow melt model 
This model suggests a peak discharge around 8 m^ s'% the summary statistics for 
these data are produced in Table 8.8.2-CÏ
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Discharge 
! nJs''
Discharge Per Unit 
Area ! vJs'' km'^
Mean 2.08 0.20
SD 2.21 0.21
Variance 4.89 0.47
M in 0.00 0.0
Max 7.87 0.75
Range 7.87 0.75
Skew 1.02 0.10
Kurt -0.12 -0.01
Mode 0.00 0.0
Median 1.18 0.11
25th Percentile 0.32 0.03
75th Percentile 3.44 0.33
Table 8.8.2-C: Summary statistics on catchment dis­
charge using the snow melt model
These values are similar to those produced by the various morphometric equa­
tions, suggesting that both methodologies are pointing towards similar discharge val­
ues, those presumed to have formed the valleys. The runoff per unit area values pro­
duced above do show how some of the alternative methods can over-estimate discharge, 
these values being comparatively low. Given the peak discharge value of around 8 m^ s'^  
or 0.75 m^ s'  ^ km'^, it seems that this methodology is producing discharge estimates 
that are similar to the Alaskan values. However, the discharge values produced by this 
method are sensitive to the assumed starting parameters. Increasing ‘background’ tem­
perate results in a more rapid increase in discharge during the early part of the period. 
Although the total volume of water lost can not change, the model will not allow this, 
the peak discharge can increase. This approach assumes that the temperature record is 
correct. There is a justification for such changes in the temperature record, if  a given 
year experiences a more rapid rate of warming, then it can be expected that there will 
be a larger peak discharge produced that year. Likewise, if the amount of snow fall over 
the winter is greater, then the total amount of mnoff will be increased, and the snow 
melt period will be longer.
However, the real issue with this model remains CFMAX, the snow melt fac­
tor. This is essentially an empirically derived constant, expressing the depth of snow 
melt that can be expected to occur over a given period at a certain temperature. As an 
empirical constant, application to Jersey would really require detailed research on how 
any particular value is produced. Unfortunately, for Jersey this is clearly not possible, 
hence the need to use a surrogate value, from a catchment that best approximates to 
Trinity. This then clearly requires further clarification. However, such data are not 
available, and such parameters could either be generated by the collection of new data
on contemporary permafrost catchments, or from the development of new equations or
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through the use of an alternative snow melt model. Unfortunately the former is beyond
the present scope of this study, and the later produces no new data. Hence it can only be
concluded that the present model is the best ‘first approximation’ available. As was
noted above, that is what this model intends to be, a first approximation. As such it is
indeed surprising that this model produces what appears to be an estimate of catchment
discharge that agrees so well with some of the other models. This would imply that
this method is indeed producing a close approximation of valley forming discharge,
namely a peak value of around 8 m^s'h This would appear to hold for the Trinity
catchment.
8.8.3 Discharge Area
This is another rather unsophisticated approach to discharge estimation. The 
United States Geological Survey (USGS) have gauged a large number of Alaskan 
catchments for a considerable number of years. Although the number of stations appears 
large, given the area of Alaska the density of the gauging network is low, and many sta­
tions have a patchy record, typically only being active for a few years. However, these 
data are available, from the World Wide Web site “w w w .h 2 o .u sg s .g o v ” (URL 
correct on 13/5/96). For any given basin, information is given on location, area, eleva­
tion, and the gauge history. Typically mean daily values for stream discharge are 
given.
It is possible to develop a discharge-area relationship using data from this site, 
specifically for basins with continuous permafrost, as defined by Brown and Péwé 
(1973, figure 2, pp 74). Note that this an extremely crude approach, as larger basins 
will inevitably produce larger stream discharges. However, such an approach will pro­
vide another ‘ball park’ estimate of stream discharge for the Jersey catchments. This 
approach uses data from 55 catchments, shown graphically as Figure 8.8.3-A.
The regression relationship for these data is:
Q =  0.0222 A
Equation 8.45
Where Q is catchment discharge in cusecs, and A is area in km^ This relation­
ship is statistically significant (significance level is p < 0.05). Note that the log axes 
are used in Figure 8.8.3-A, and that the data cover several orders of magnitude. Fur­
thermore the largest Jersey catchment (Trinity) has an area of 10.5 km ,^ this contrasts 
with the largest Alaskan catchment with an area of over 51,000 km .^ Clearly, this 
analysis is limited by the difference sizes of catchments involved. However, when this
relationship is applied to the Jersey catchments, the following results are produced,
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Alaskan Discharge-Area Relationship
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Figure 8.8.3-A: Plot of mean stream discharge against catchment area for the Alaskan catchments 
shown in Table 8.8.3-A and B (summary statistics).
Looking at these data, despite the crude nature of the relationship, the resultant 
estimates are surprisingly fair, at least in comparison to the other methods of estimat-
Catchment Dischary^e Estimate /  cusecs Discharge Estimate per unit area /  cusecs per knJ
St. Peter 7.4 0.9
Trinity 8.8 0.8
St. Lawrence 5.6 0.9
Grouville 8.3 0.8
Les Quennevais 3.0 0.9
La Vallée des Vaux 3.8 0.9
La Val de la Mare 5.1 0.9
St. John 3.6 0.9
Le Vaux des Lécq 3.2 0.9
Rozel 2.9 0.9
St. Nicholas 1.4 1.0
La Grande Cueillette 1.2 1.0
St. Ouen 1.9 1.0
La Vaux de Rozel 1.1 1.0
St. Saviour 2.8 0.9
La Fosse 0.7 1.1
Boulay 0.9 1.0
Le Petit Port 0.6 1.1
La Vallée des Mouriers 3.0 0.9
Le Coupés 0.6 1.1
La Bas Rozel 0.4 1.2
La Cocagne 0.3 1.2
St. Brelade 0.6 1.1
Bonne Nuit 0.6 1.1
Faldouet 0.6 1.1
La Rochque Onvoy 0.5 1.1
Table 8.8.3-A: Discharge estimates for the Jersey catchments produced using the Alaskan Discharge-
Area relationship
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Discharge Estimate /  cusecs Discharge Estimate per unit area /  cusecs
per knJ
Mean 2.65 0.99
SD 2.54 0.10
Variance 6.46 0.01
Kurtosis 0.67 -1.15
Skewness 1.24 0.27
Median 1.66 0.98
M in 0.32 0.84
Max 8.80 1.18
Range 8.48 0.34
25th Percentile 0.61 0.91
75th Percentile 3.49 1.08
Table 8.8.3-B: Summary statistics for the Jersey catchments produced using the Alaskan
Discharge-Area relationship
ing catchment discharge, and are similar to the Alaskan estimates. This is not what 
might have been expected. Given that these data are estimated from data on some very 
large catchments, different results might be expected. Such large Alaska catchments 
might be thought to display a different discharge-area relationship to the small, head­
water catchments of Jersey. However, it is possible that this is compensated by the hy­
drology of the Alaskan catchments. These are undoubtedly permafrost catchments, 
with the distinct hydrological regime of such areas. Given that the Jersey catchments 
are also thought to be permafrost features, it is possible that the similar hydrology re­
sult in the reasonable estimates of catchment discharge. Certainly the catchment dis­
charge per unit area figure of around 1.0 cusecs agrees with the data for all Alaskan 
catchments.
In order to refine this analysis further, it was decided to concentrate on the 20 
small Alaskan catchments, discussed in section 8.3. This produces a much weaker rela­
tionship; r^  is 0.1683, which is not statistically significant at a significance level of p < 
0.05, this relationship is:
Q  = 0.0944 A°^ ®5
Equation 8.46
Application of this to the Jersey catchments produces the data shown in and 
Table 8.8.3-C and Table 8.8.3-D.
Although these data are derived from values of mean of discharge per unit area 
for only the small catchments, the mean discharge per unit area is slightly higher than 
the mean estimated using data from all of the catchments. The difference between the 
two sets of discharge data is not statistically significant (at a significance level of p < 
0.05, an A N O V A  between the two produces a F-test value of 9.2 x 10'^ , and a prob­
ability of 0.9238). Furthermore, when compared to the 75th percentile of discharge per
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Catchment Discharge Estimate ! cusecs Discharge Estimate per unit area /  cusecs
per knJ
St. Peter 3.0 0.3
T rinity 3.2 0.3
St. Lawrence 2.6 0.4
G rouville 3.1 0.3
Les Quennevais 1.9 0.6
La Vallée des Vaux 2.1 0.5
La Val de la Mare 2.4 0.4
St. John 2.0 0.5
Le Vaux des Lécq 1.9 0.6
Rozel 1.8 0.6
St. Nicholas 1.3 0.9
La Grande Cueillette 1.2 1.0
St. Ouen 1.5 0.7
La Vaux de Rozel 1.1 1.1
St. Saviour 1.8 0.6
La Fosse 0.9 1.4
Boulay 1.0 1.2
Le Petit Port 0.8 1.6
La Vallée des Mouriers 1.9 0.6
Le Coupés 0.8 1.5
La Bas Rozel 0.7 2.2
La Cocagne 0.6 2.3
St. Brelade 0.8 1.5
Bonne Nuit 0.9 1.5
Faldouet 0.8 1.6
La Rochque Onvov 0.8 1.8
Table 8.8.3-C: Discharge estimates for the Jersey catchments using a regression relationship for
‘small’ Alaskan catchments
Discharge Estimate !  cusecs Discharge Estimate per unit area !  cusecs
per k n i
Mean 1.58 1.00
SD 0.80 0.60
Variance 0.64 0.36
Kurtosis -0.64 -0.64
Skewness 0.67 0.67
Median 1.39 0.83
M in 0.62 0.31
Max 3.22 2.31
Range 2.59 2.00
25th Percentile 0.85 0.53
75th Percentile 2.01 1.51
Table 8.8.3-D: Summary statistics for the Jersey catchments using a regression 
relationship for ‘small’ Alaskan catchments
unit area for the Alaskan data, these discharge estimates are nearly two orders of mag­
nitude larger. Hence this method has to be rejected since it produces vast over esti­
mates of discharge.
8.8.4 Drainage Density-Discharge Relationship
Thus far, this thesis has applied a range of existing relationships between mor­
phometric parameters and catchment discharge from the literature to the Jersey valleys.
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In doing this several problems have arise, noticeably whether relationships developed
for non-periglacial catchments can be applied to periglacial catchments, and whether 
relationships developed for large catchments can be applied to small catchments. 
Therefore, it was decided to develop a new drainage (or valley network) density- 
discharge relationship for the Jersey catchments. This would essentially be a new ver­
sion of the Carlston (1963) relationship, one based on periglacial catchments, which 
would be more applicable to the Jersey catchments, hypothesised to be relic periglacial 
features. The development of such a relationship has been hampered by a lack of data 
on periglacial catchments. N ot only is stream discharge data extremely sparse, but 
there is virtually no published data on the morphometry of catchments with continuous 
permafrost. The issues involved with periglacial stream discharge data are discussed in 
section 8.8.2.2. The small Alaska catchments studied there would seem an ideal basis 
for an initial attempt to determine whether valley network density values can be found.
There are no published drainage density data for these catchments in the litera­
ture. An extensive search through the world wide web archives of the Unites States Geo­
logical Survey shows that this organisation holds no data. This was confirmed via elec­
tronic mail. So, with no published data, it was decided to attempt to collect new val­
ley network density data on these catchments. The USGS include longitude and lati­
tude figures for the gauging stations, and a brief locational name. From these it should 
be possible to locate the catchments on maps, and then determine valley network den­
sity data. This is indeed possible. However, the only published maps of the permafrost 
zone of northern Alaska are at a scale of 1:500,000. For morphometric purposes these 
are completely unsuitable, far too great many features are absent on such maps.
In addition to the ‘blue-line’ stream network shown on these maps there is also a 
‘contour crenulated’ network. These appear to be related, with the blue-line network 
fitting within the contour crenulated network. The reason for this difference can be pos­
tulated to be that the ‘blue line’ network represents the drainage network for the major­
ity of the year. However the ‘contour crenulated’ network is only active during the 
spring snow melt period, and hence is not mapped as the drainage network. For this 
study this would mean that the drainage network would have to be delimited from the 
contours, in procedure practically identical to the one used for the Jersey valleys. How­
ever, there is one very important difference between these scales, namely the amount of 
detail omitted from the 1:500,000 scale maps. Given that this study rejected the use of 
1:25,000 maps of Jersey, on the grounds-that they omitted too much information, the
Andrew Wright, PhD Thesis, Roehampton Institute London, June 1997
Page 322
The Palaeohydrology o f  Jersey, Chapter 8, Hypothesis Testing and Modification 
use of 1:500,000 maps would create something of a double standard. Unfortunately,
these are the only maps available to this study for information on permafrost catch­
ments. So on these grounds it would be worth proceeding, if  only to gain a ‘first ap­
proximation’ of drainage density values.
When the catchments discussed in sections 8.2 and 8.8.2.2 were located addi­
tional problems became apparent. It was hoped that catchments broadly similar to Jer­
sey during the Devensian could be found. However, of the fifteen catchments studied 
above, none appeared to resemble the topography of Jersey: Two were in very flat areas, 
where lakes were common, others were the reverse, extremely mountainous, or even 
partly glaciated. This resulted in only two catchments being remotely similar to the 
suggested geomorphology of Jersey during the Devensian. It was therefore decided that 
as any analysis based on only two catchments would be meaningless, and so this line of 
research could be taken no further. This is most regrettable, as this is a central theme of 
this thesis. However, it is simply not possible to develop a valley network density- 
discharge relationship based on such little information. This is possibly something that 
may be improved if more information becomes available.
This is not to say that this line of research can go no further. Although it is not 
possible to model the relationship between valley network density and discharge from 
a reductionist approach, it might be possible to model in a deductive manner. How­
ever, before this is attempted, it is first necessary to consider how the relationship be­
tween valley network density and stream discharge functions. This can be attempted in 
several ways. The first is to work mathematically, using equations. Unfortunately, cur­
rent knowledge of geomorphology means that there are several gaps in knowledge of 
such equations. Again, this is partially a result of a lack of hard data for testing 
such relationships. Furthermore, there is a more basic problem. The whole nature o f the 
relationship between valley network density and stream discharge is something of a 
‘black box.’ This study has now to attempt to peer into that black box and attempt to 
gain some more understanding of this system. Possible the best approach to this is in a 
flow chart, so that the links between all the various components can be set out. Such a 
model is shown in Figure 8.8.4-B. This model attempts to explain in a qualitative 
fashion the relationship between valley network density and stream discharge. This be­
gins with drainage density and discharge and attempts to explain how the variation of 
the former relates to the latter. This model looks at the relationship from a mathe­
matical perspective, suggesting ways in which the environment might behave to match
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Figure 8.8.4-B: Flow chart to explain the relationship between drainage density and stream discharge
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broad mathematical relationships (the section from Rates o f Dd and Q increase J. The
alternative perspective is to start from the impact of local conditions (from ''Local con­
ditions are very important'). In both cases it is necessary to follow the model through 
and this expresses how environmental conditions interact and affect drainage density. 
This approach was used as it was felt that this was a more appropriate method than us­
ing prose and attempting to explain step by step through text.
With this model set out, it would now be possible to convert from a flow chart 
into an equation or series of equations. Unfortunately at this point, it is not possible to 
proceed any further. This is because the current state of knowledge about many of the 
above components is fragmented and incomplete. I t is clearly necessary to gain new 
information on these components, so that they maybe fed into the above model. This 
will be a new area of research, and one that should be addressed if a comprehensive val­
ley network density-discharge relationship is to be formulated.
8.9 Discussion
8.9.1 Introduction
Within this chapter, around thirty different methods estimating the palaeo dis­
charge of the Jersey valleys have been presented. At this point it is now necessary to con­
solidate on those methods: To begin discussion of the whether these estimates of pa- 
laeodischarge are accepted, and interpret these estimates with in the context of the 
formation of the Jersey valleys.
8.9.2 Review
Before this can be attempted, it is first necessary to present the various esti­
mates of discharge produced by these methods, this is shown in Table 8.9.2-A. This 
gives the best various estimates on valley forming discharges. Before these can be com­
pared with the Alaskan data, the issue of what value of ‘average’ discharge can be used 
in such Alaskan catchments. Is the peak discharge is the valley forming discharge, given 
that this discharge only occurs once a year? Furthermore the duration of the absolute 
peak flows appears to be very short, measurable in some cases in a matter of hours. This 
peak flow does occur during a flood of longer duration, so a means of indexing this 
whole flood event might be more meaningful. A simple annual mean is not representa­
tive of valley forming events, as winter discharges are extremely low as the stream is 
virtually inactive. Hence this study decided to use the 75th percentile of mean daily 
discharge per unit area as a measure of ‘average’ Alaskan valley forming discharge.
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Approach 25th Percentile o f  Dis­
charge per unit area /  nJs'
Mean Discharge per 
unit area /  rds’’
75th Percentile o f Dis­
charge per unit area /  m^ s'
Carlston (1963) 0.80 4.02 4.92
Carlston (1965) 1.58x10") 9.22x10") 1.05x10-2
Trainer (1969) 0.26 1.38 1.65
Cheetham (1980) 0.31 0.52 0.72
Jarvis (1936):
Kuichling (Frequent) 5.30 21.18 36.01
Kuichling (Rare) 6.70 26.66 45.32
Craig 0.71 to 17.74 1.11 to 27.87 1.45 to 36.31
Dredge 8.52 12.90 19.20
Snyder (1938)
M in 1.99 3.34 4.71
Max 4.87 8.15 11.52
Dury (1976)
Nash and Shaw (1966)
0.06 0.27 0.29
Equation 7 0.01 0.01 0.01
Equation 5 2.02 to 84.41 1.76 to 73.50 2.34 to 97.88
Rodda (1969)
New Relationship 1076.30 198.95 1283.82
Equation 1 226.52 76.92 375.07
Equation 2 0.03 to 95.48 0.02 to 24.05 0.05 to 162.20
Equation 3 0.03 to 0.68 0.02 to 0.51 0.04 to 0.89
McDonough (1971) 33.34 48.04 65.04
Patton & Baker (1976) 0.01 to 1.53x10^ 0.01 to 6904.22 0.01 to 20673.17
White (1976)
Dolom ite 0.60 0.81 1.88
Carbonate 1.88 2.37 2.89
Murphey et al (1977)
HKR 2.21 X 10’ 2.99x10) 3.83x10)
Gray 5.15x10) 7.01 X 10) 8.66x10)
Area 7.81 5.84 10.14
Shape / Area 1.02x10^ 6.69x10) 1.23x10^
Drainage Density 2.57 0.22 2.80
Basic snow melt model 1.57 to 3.57 0.30 to 0.69 2.04 to 4.66
More advanced snow 0.03 0.20 0.33
melt model
Table 8.9.2-A: Estimates of discharge produced for the Jersey catchments.
This value was used as it is below the peak flood discharge, and event with short dura­
tion, but above the mean. It was felt that the use of the 75th percentile would correctly 
index the ‘average’ discharge of the many snow melt flood event, as opposed to the 
peak, as it is during this longer duration event that the majority of valley activity 
seems to occur.
In order to allow a margin of error, an envelope around this was established, 
using the mean as a lower boundary and the maximum discharge as the upper boundary. 
This translates into values of between 0.02 (mean) to 0.03 (75th percentile) and 0.27 
(maximum) m^ s'^  km'^, this essentially give an order of magnitude range within which 
discharge estimates occur. This forms an ‘outer envelope’ of discharge estimates, de­
rived from the Alaskan values. These values allow for a general estimate of the range of 
values produced by the snow melt flood, and aim to index the range of discharge .values
produced by that flood. So, concentrating only on those methods that do produce dis-
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charge estimates close to those given for the Alaska catchment, these are shown in Table
8.9.2-B.
Approach Comment
Carlston (1963) Too high
Carlson (1965) A little to low, but for base flow, acceptable
Trainer (1969) A little too high, 25th percentile equal maximum Alaskan discharge
Cheetham (1980) Too high
Jarvis (1936):
Kuichling (Frequent) Far too high
Kuichling (Rare) Far too high
Craig Far too high
Dredge Far too high
Snyder (1938)
M in Too high
Max Too high
Dury (1976) Slightly high, but within acceptable limits.
Nash and Shaw (1966)
Equation 7 Low, but acceptable
Equation 5 Far too high
Rodda (1969)
New Relationship Ridiculously high
Equation 1 Ridiculously high
Equation 2 Too high
Equation 3 High, but acceptable
McDonough (1971) Too high
Patton & Baker (1976) Equations 3 and 6 acceptable
White (1976)
Dolom ite A little too high
Carbonate Too high
Murphey et al (1977) All methods too high
Snow Melt Too high
More advanced snow Slightly high, but within acceptable limits.
melt
Table 8.9.2-B: Comments on the various methods o f discharge estimation.
From this is can be seen that only the Carlston (1965) (base flow). Trainer 
(1969), Dury (1976), Nash and Shaw’s (1966) equation 7, Rodda’s (1969) equation 3, 
Patton and Baker’s (1976) equations 3 and 6, and the more advanced snow melt model 
set out in section 8.8.2.2 produce estimates in reasonable agreement with the Alaskan 
data. The other approaches do not appear to be as applicable, possibly because these 
were not developed for permafrost catchments, or are not really as rigorous as such 
methods might be. Alternatively, it is possible that the very low ‘average’ runoff per 
unit area values given by the Alaskan catchments are not representative of the hydrology 
of permafrost catchments. Again this is unlikely given the nature of the outer envelope 
of values used.
For Jersey the range of data on mean discharge per unit area appears to be be­
tween 0.03 and 0.33 m^ s'^  km' .^ These values for the boundaries of the ‘inner envelope’ 
of discharge values. These are produced by comparing the 7 methods produced above. 
For each method the mean, 75th percentile, and the maximum discharge per unit area
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for all the Jersey catchments were calculated. These data were collated, and the median
calculated. In this case the median was used as opposed to the mean as it was felt that a 
measure of central tendency that made allowance for the minimum and maximum val­
ues would be more appropriate than the mean. This gives the three values, ‘median of 
the mean values’, ‘median of the 75th percentile values,’ and the median of the maxi­
mum values’. Together these values of discharge per unit area, are taken to be the upper 
and lower boundaries of the inner envelope of Jersey mean valley forming discharge. 
These values sit within the range of discharge per unit area values for the Alaskan 
catchments (the outer envelope). These values are the best estimates of discharge from 
the methods named above. For the individual catchments, when these values are multi­
plied by catchment area, this gives the values of mean annual catchment discharge values 
as set out in Table 8.9.2-C.
Catchment 
Area /  knJ
Min Estimate o f Mean Estimate o f Max Estimate o f  
Catchment Catchment Discharge Catchment Discharge 
Discharge nJs'' rds'' nJs''
St. Petei 8.72 0.26 1.74 2.88
Trinity 10.45 0.31 2.09 3.45
St. Lawrence 6.45 0.19 1.29 2.13
Grouville 9.86 0.30 1.97 3.25
Les Quennevais 3.26 0.10 0.65 1.08
La Vallée des Vaux 4.19 0.13 0.84 1.38
La Val de la Mare 5.82 0.17 - 1.16 1.92
St. John 3.96 0.12 0.79 1.31
Le Vaux des Lécq 3.47 0.10 0.69 1.15
Rozel 3.18 0.10 0.64 1.05
St. Nicholas 1.39 0.04 0.28 0.46
La Grande Cueillette 1.17 0.04 0.23 0.39
St. Ouen 2.03 0.06 0.41 0.67
La Vaux de Roze 1.06 0.03 0.21 0.35
St. Savioui 2.97 0.09 0.59 0.98
La Fosse 0.63 0.02 0.13 0.21
Boulay 0.85 0.03 0.17 0.28
Le Petit Port 0.53 0.02 0.11 0.17
La Vallée des Mouriers 3.27 0.10 0.65 1.08
Le Coupés 0.55 0.02 0.11 0.18
La Bas Roze 0.30 0.01 0.06 0.10
La Cocagne 0.27 0.01 0.05 0.09
St. Brelade 0.56 0.02 0.11 0.18
Bonne Nuit 0.59 0.02 0.12 0.19
Faldouet 0.52 0.02 0.10 0.17
La Rochque Onvoy 0.42 0.01 0.08 0.14
Table 8.9.2-C: Best estimates of mean annual catchment discharges.
This sets out an envelope about the mean annual discharge value, but clearly 
daily stream discharge will be either above or below these values. For the Trinity 
catchment this can be compared with the contemporary gauging station discharge data 
of 0.071 (mean) and 0.635 (maximum) m^s'\ This gives an approximate decrease in 
discharge since valley formation in the order of between 4.46 and 5.43 times (for the
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minimum estimate compared to mean discharge, and maximum estimate compared
to maximum recorded discharge respectively). Note that when the mean palaeodis-
charge value (2.09 m s^' )^ was compared with the mean contemporary discharge (0.071
m^s'O this gave an decrease in discharge in the order of 29 times, this would seem to be
far too large in comparison to the other methods. Essentially this suggests that the mean
valley forming discharge for Trinity was some 5 times larger than the contemporary
discharge of this catchment. In order to allow a margin of error around this value, it
seems reasonable to suggest that the decrease in discharge was between 4 and 6 times,
rather than 5 times, and this decrease could be expected to have occurred across all the
Jersey catchments. The only other known attempt at estimating discharge is Gardiner’s
(1986) application of the Cheetham (1980) relationship, which suggested discharge
values of 0.92 m^ s'^  for La Vallée de Lécq and 1.99 m^ s'^  for Bellozanne valley (termed
St. John in this study). Both of these estimates are within the envelope of values given in
Table 8.9.2-C, providing further support.
8.9.3 Conclusion
The estimates given in Table 8.9.2-C represent the best possible estimates of 
mean valley forming discharges of the Jersey catchments. However, as stressed above, 
these data represent ‘mean’ annual discharges, not peak valley forming discharges. Such 
high magnitude, relatively low frequency events, but not the absolute peak annual dis­
charge, but discharge that occur within a few days of this peak, appear to be the dis­
charges that form periglacial valleys. So, by an indirect method, and some careful rea­
soning, this approach has estimated the typical valley forming discharges o f the Jersey 
catchments. This was a central aim of this project. With this complete it is possible to 
repeat that the discharges that formed the Jersey valleys are thought to be in the range 
0.05 to 0.33 m^ s'^  km'^, for individual catchments these values are given in Table
8.10.2-C. This is equivalent to a decrease in catchment discharge in the order of be­
tween 4 and 6 times since valley formation.
This is the best possible estimates of the valley forming discharges for the Jer­
sey valleys. In developing these estimates, a basic aim of this project has been ad­
dressed, to determine the valley forming discharges of the Jersey valleys. With this ac­
complished it is now possible to review this study in its entirety, to discuss what has 
been determined about the Jersey valleys, how this relates to existing knowledge, and 
to indicate what remains to be resolved. This will be conducted in the next, and final 
chapter, the conclusion.
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9. S u m m a r y  AND C o n c l u s io n s
This thesis has studied a series of misfit valleys in Jersey, Channel Islands. The 
valleys have been suggested to be relict periglacial snow melt features, with the current 
form of the valleys suggested to have developed during the Devensian cold period.
The geology and topography of Jersey have been described, and in particular the 
Quaternary history of the Island has been reviewed in chapter 2. These provide a geo­
graphical and geomorphological context to this study of the Jersey misfit valleys. Sup­
porting evidence of the misfit nature of the valleys was drawn from the climatic record 
of the Island. I t  was attempted to draw this support from stream gauging stations. 
However, the lack of a long period of records prevented this. The only available rec­
ord, of six years duration for one catchment, shows a statistically significant trend of 
increasing stream discharge with time, and a similar trend was found for precipitation 
records. (Note that all statistically significant results are significant at a probability 
level of p < 0.05 unless otherwise stated).
In the absence of a longer record, an attempt was made to use the precipitation 
record as a proxy for stream discharge. A detailed analysis of this record shows that the 
longer term precipitation record (130 years) does not display any statistically signifi­
cant variation with time when studied at an annual scale. However, when the winter and 
summer half year precipitation amounts were studied, significant relationships were 
found, with the winter half year becoming wetter, whilst the summer half year was be­
coming drier. An attempt was made to extend this study further, and to investigate sea­
sonal scale variations. However this d id  not indicate any significant variations. With 
observed half year variations in precipitation being found for Jersey, it was decided to 
extend this to cover a wider region, and to establish a regional pattern of precipitation 
variation. Tentative explanations for this change were suggested.
Given this observed half year variation in precipitation, it was decided that it 
was not appropriate to use the precipitation record as a proxy for stream discharge. 
However, it was desirable to demonstrate whether the valleys were misfit. To this end 
an attempt was made to estimate stream discharge from precipitation records for the 
Trinity catchment, using the curve numbers methodology. This, whilst problematic, 
was shown to produce mean monthly discharge estimates that were not significantly 
different to observed data. This approach was then applied to the first 20 years of the 
precipitation data. Discharge estimates were produced, which were used to estimate
Andrew Wright, PhD Thesis, Roehampton Institute London, June 1997
Page 330
The Palaeohydrohgy o f Jersey, Chapter 9, Summary and Conclusions 
denudation amounts for the Trinity catchment. These were interpreted as indicating
that very little erosion was taking place within the catchment studied, supporting the
hypothesis that the Jersey streams are indeed misfits.
Having suggested that the valleys are relic features, any further study falls within 
the academic bounds of palaeohydrology. Chapter 3 provided the academic context to 
this study through a review of the themes and development of palaeohydrology. An al­
ternative view of misfit valleys is as dry valleys. There is a considerable history of re­
search on such features, particularly of the dry valleys of the chalk of south-east England. 
To gain an understanding of the range of explanations of misfit valleys, previous work 
on dry valleys was reviewed and discussed. This suggested that the most likely origin 
of the Jersey valleys was as periglacial snow melt features.
This hypothesis was developed and expanded upon in chapter 4, firstly by dis­
cussing other explanations offered for misfit valleys found in the region surrounding 
Jersey. It was suggested that the Jersey valleys were formed during the cold periods of 
the Quaternary, when periglacial conditions existed. It was suggested that under such 
conditions the impact of the large spring snow melt flood was increased by the presence 
of permafrost, preventing infiltration. It was suggested that this activity took place 
during the Quaternary cold periods, with the finahphase of activity taking place before 
and after the temperature minima of the last (Devensian) cold period. In order to pro­
vide more detail of how valley formation might take place, a longer discussion of flu­
vial processes in such periglacial environments was conducted. This suggested that the 
periglacial hypothesis is indeed the most reasonable explanation of how the Jersey val­
leys might have formed. The rest of the thesis attempted to find evidence in support of 
this by examining the network morphometry (chapter 5) and whether the networks were 
fractal features (chapter 6), and by establishing if valley cross-sections were asymmetric 
(chapter 7). A range of approaches for the estimation of stream discharge from catch­
ment morphometry (chapter 8) was also applied.
Given the apparent lack of other types of evidence, it was decided to conduct a 
primary morphometric study. Before conducting this, it was necessary to review the 
development of drainage basin morphometry and provide an academic context to this 
approach. In addition to the historical development of morphometry, this discussion 
also covered the various models proposed to explain network form, from the Horton 
‘laws’ to the infinite topologically random networks model, and lastly fractal explana­
tions. This last model was suggested to be the most likely explanation, being focused
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on energy efficiency. Issues of drainage density variation were also discussed, specifi­
cally variation with climate, catchment area, time and the interrelation of these. Data 
on the Jersey valleys were then collected, verified against the field mapping of net­
works and valleys and analysed. This revealed some interesting insights into the mor­
phometry of the networks, but failed to show any great variation in morphometric pa­
rameters across the Island. Finally a flow chart model to that attempts explain the 
causes and controls of drainage density variations was suggested and discussed. Build­
ing from this, models to relate drainage density to stream discharge were discussed. 
This section aimed to give a theoretical background to such approaches, whilst their 
application to Jersey was described in chapter 8.
Before this, chapter 6 focused on one interpretation of drainage network struc­
ture, namely as fractal features. In order to determine whether a network is fractal, the 
fractal dimension of that network must be calculated. Various methods have been sug­
gested to do this, and an array of interpretations of the resultant values exist. Five ap­
proaches were used to calculate the fractal dimension (D) of the Jersey streams, these 
were: Deriving D from the main stream length-catchment area relationship, calculating 
D from the ‘Horton ratios’, the ‘Richardson’ or divider method, a modification of this, 
and functional box counting which is founded on similar theory. Application of these to 
the Jersey networks produced a diverse range of values for the fractal dimension. This 
was suggested as meaning that the Jersey networks are not fractal features. This was then 
interpreted with reference to the optimal channel networks model, and suggested as in­
dicating that environmental processes resulted in these networks reaching a configura­
tion that, whilst being the most efficient possible, is not fractal. This was taken to sug­
gest that such environmental processes might possibly be the result of valley formation 
having taken place under periglacial conditions. This is an area of research that merits 
further investigation, preferably in a wider range of environments.
Valley cross-sectional form and in particular asymmetry, were studied in chap­
ter 7 with the hope of providing further evidence of formation during periglacial condi­
tions. An extensive review of previous explanations of valley cross-sectional asymmetry 
was conducted, prior to analysis of the Jersey valleys. Asymmetry between east- and 
west-facing slopes was examined. Field checking showed a high degree of agreement 
between the field and map data. Using a series of transects taken across valleys it was 
concluded that it was not possible to demonstrate whether one particular aspect was 
consistently the steeper across the whole Island. I t was decided to repeat this approach
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for north- and south-facing slopes. This showed that more cross-sections have steeper
north-facing slopes than south-facing.-
The transect based approach was then extended and by using a DEM and GIS a 
whole catchment was studied. This revealed that whilst there are not simple dijferences 
in gradient between north- and south-facing slope or between east- and west-facing 
slopes, there are statistically significant relationships between slope aspect and slope 
gradient. These relationships, and the apparent lack of a single aspect of steeper slope 
across the whole Island, were used to develop a possible model to explain causes of val­
ley asymmetry. Further interpretation used methodology founded in chaos theory to 
attempt to explain how seemingly minor variations in environmental processes could 
lead to a dramatic difference in valley cross-section asymmetry. Again, this merits 
further attention.
Finally, having examined aspects of valley form and valley origin, an estimate 
of the stream discharge that formed the Jersey misfit valleys was made. This used a 
morphometric approach, as the lack of other sources of evidence ruled out other ap­
proaches. Before discharge calculation was begun, is was necessary to develop a means 
of determining whether any discharge estimates were typical of permafrost catchments. 
This used discharge data supplied by the US Geological Survey for Alaskan perma­
frost catchments. A range of approaches for estimating stream discharge were applied 
to Jersey, producing a wide range of discharge estimates. Besides published mor­
phometric relationships, a simple snow melt model was developed, together with a 
discharge-area relationship for the Alaskan data.
Finally an attempt was made to develop a drainage density-discharge relation­
ship exclusively for periglacial catchments. It could have been possible to investigate a 
global model relating drainage density to discharge. Unfortunately this would mask a 
great many parameters that vary between catchments, producing a weak model. There 
are two approaches available for future morphometric discharge estimation. I f  a global 
approach is adopted, then such models must include a full range of parameters. These 
include climatic (temperature and precipitation regimes, precipitation type, amount, 
history), geological, pedological, vegetational, geomorphological and land use pa­
rameters to relate the amount of precipitation to runoff, and hence to drainage density. 
Such an approach would be problematic, not least because of a lack of data with a 
global extent on the above parameters. Additionally, there is the more vexed problem 
of the nature of such relationships (and inter-relationships). I t is likely that many of
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these will be non-linear and sensitive to initial conditions. These would complicate any
relationship to the point that modelling would become impossible.
Rather than developing a global relationship, a catchment specific approach 
may be more appropriate. This does create the difficulty of finding an exact contem­
porary analogue for the Jersey catchments (or where ever). Furthermore any such rela­
tionship would be catchment specific, and not immediately applicable to other loca­
tions. Both approaches therefore would seem to be problematic. However, if the issue of 
a new morphometric discharge estimation method is to be developed, these problems 
would need to be resolved. Probably the best approach would be to develop a regional 
approach, but rather than simply focusing on drainage density, allowances would have to 
be made for climate, geology, geomorphology and so on. Again this is an area where 
further, more detailed research is necessary.
Hence rather than developing a new, unproved model, this study defaulted to 
established relationships. By applying these methods to the Jersey catchments, and 
comparing the resulting discharge estimates with the data on Alaskan catchments, it 
was suggested that the valley forming discharge of the Jersey valleys was between 4 and 
6 times larger than the present discharge. Values are set out in Table 8.10.2-C. This is 
the first known attempt at estimating the valley forming discharge for the majority of 
the Jersey valleys, the only other known attempt at estimating discharge is Gardiner 
(1986), who applied the Cheetham (1980) relationship to La Vallée de Lécq and St. 
John. This produced discharge estimates within the envelope of values given in Table
8.10.2-C, providing some support for these estimates.
The suggestion that Jersey valley forming discharges were between 4 and 6 
times higher than contemporary discharges is higher than the estimate of between 1.7 
and 3.1 times given by Gardiner (1986, pp 25), but is in general agreement with simi­
lar estimates given by Dury (for example, 1965) in lowland Britain, Cheetham (1980) 
in the Kennet valley, and Dawson (1985) in the Seven basin. Cheetham, working on the 
Kennet valley in Berkshire suggests a decrease in discharge between 4 and 10 times. The 
Jersey values are at the lower end of this range, however, it is noticeable that Cheetham 
criticised Duty’s (1965) estimate of a decrease of the order of 20 times as being too 
large. Furthermore, the Cheetham discharge estimates are based on a revised version of 
the Carlston (1963) relationship. The Cheetham modification was applied to the Jersey 
catchments, but rejected for giving larger discharge per unit area estimates than the 
Alaskan data. Hence it would seem that Cheetham probably over-estimated discharge,
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which would favour a lower estimate for the decline in discharge values, towards the
Jersey figure of 4 to 6 times. Dawson (1986) suggested discharge values between 1.4 
and 24 times greater than present for the catchments within the Severn basin, again the 
Jersey values fall within this range. It is noticeable that the Jersey estimates fall within a 
much narrower range of values than either Cheetham’s (1980) or Dawson’s (1986) esti­
mates.
Given this apparent agreement, it is possible to apply the Jersey estimate to the 
wider region. I t can be suggested that the misfit valleys of Southern England and 
Northern France are the product of similar processes to the Jersey valleys, and would 
have experienced higher discharges when active. These were probably between 4 and 6 
times that of contemporary discharges. Of course, it is not possible to demonstrate this 
conclusively at the present, so this remains an avenue for future research. Clearly as such 
misfit valleys are widespread across Southern Britain and Northern France, it would be 
desirable to determine more details on their formation, and whether they are the prod­
uct of similar processes to the Jersey valleys.
This study has been a detailed case study of the Jersey misfit valleys. I t consid­
ered their form, suggested possible origins, related these to existing theory and if  nec­
essary proposed alternatives. Finally, future research directions have been considered. 
From this study it has been concluded that the Jersey valleys are the product of 
periglacial snow melt runoff, with the most active periods of activity occurring before 
the coldest period of the Devensian. A final phase of valley activity occurred during the 
melting of the permafrost, which modified valley form. However, valley configuration 
was the product of activity prior to the Devensian maximum. The valleys do not con­
form to a fractal model of network configuration, because for Jersey the fractal configu­
ration is not the most energetically efficient. The valley side slopes have been shown to 
be asymmetric, which is interpreted as supporting a periglacial origin for the valleys. 
Finally, by use of a variety of published methods, it was possible to estimate valley 
forming discharge, as 4 and 6 times greater than the contemporary discharges of the 
Jersey valleys.
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A p p e n d ix  B; P h o t o g r a p h s
Plate 1; The upper reaches of St. Lawrence valley, looking north, with Handois reservoir, note dense 
vegetation on valley sides, and flat plateau surface
Plate 2; Middle reaches of St. Peter’s valley, looking down valley from Le Moulin de Quetivel car 
park, note linear valley side slope (south facing).
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Plate 3; Middle reaches of St. Peter’s Valley looking south, road bend is at 613514, note dense
vegetation, and sinuous plan form
Plate 4; Middle reaches of St. Peter’s Valley, c 200m north of road bend shown in plate 3, note flat
valley floor and linear valley side slope.
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Plate 5; St. Peter’s Valley, north of the Tropical Gardens, note shallower depth, and continued flat
floor.
Plate 6; St. Peter’s Valley, north-east of Gigoulande Quarry, valley is shallower still, gradient of side
slopes decreased.
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Plate 7; St. Peter’s north-east of Les Prés, valley depth further decreased, valley form becomes less
distinct.
Plate 8; Top of a zero order tributary of St. Peter’s, notice how valley form is lost as valley merges
into the plateau surface, from left to right.
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Plate 9; La Vallée de Lécq, looking down valley, note steep longitudinal gradient, linear side slopes,
and absence of a flat valley floor.
Plate 10; Upper reaches of La Vallée de Lécq, notice shallower valley sides, and wider cross-section.
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Plate 11; Zero order tributary, Rozel. Again, this features a flat floor, despite high longitudinal
gradient.
Plate 12; Looking up valley in similar zero order tributary. Again, with flat floor, steep side slopes,
and high longitudinal gradient..
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Plate 13; Lower reaches of Les Vaux de Rozel, with linear side slopes, and lack of a flat floor.
'  '  *■
Plate 14; Zero order tributary of La Vallée de Vaux, again with steep valley slopes, and sinuous plan
form..
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Plate 15; c 100 m down valley of plate 13, valley broadens, and appears to gain a flatter floor. Facing
westward..
Plate 16; Upper reaches of La Val de la Mare reservoir. Again, note steep side slopes, and sinuous plan
form,.
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Plate 17; Looking down into La Vallee des Mourier. Note ‘V  shaped cross-section, and steep side
slopes.
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